Selenium and sulfur in silicate melts by Wykes, Jeremy Leslie
Selenium and sulfur in silicate melts 





A thesis submitted for the degree of Doctor of Philosophy 
of The Australian National University 
4 LIBRARY ' 
Declaration 
Except where otherwise indicated, the research and interpretations presented in this thesis 
are my own work. 
Jeremy L. Wykes 
June 26, 2014 

Acknowledgments 
I thank my supervisors John Mavrogenes and Hugh O'Neill for their supervision, support and 
enthusiasm, and putting up with my consistently wayvi'ard focus. The other members of my 
panel, Greg Yaxley, Jorg Hermann and Dick Henley are also thanked for their input. 
I would particularly like to acknowledge Dick Henley for always having an alternative point 
of view, his always cheerful and irreverent demeanour and for involving me in the research 
that is not part of this thesis. 
Andrew Berry should be acknowledged for enduring the XAS interrogations that always 
followed after I burst into his office, unannounced. 
Penny King for the introduction to, and assistance with reflectance FTIR. 
I would specifically like to thank Bob Rapp for giving me freedom on the electron probe 
at ANU, as the experimentation it afforded was vital for developing my skills. I would also 
particularly like to thank John Donovan and Julie Barkman from CAMCOR at the University 
of Oregon. Those two weeks using the probe in Eugene were a particular highlight. 
Jade Aitken and Michael Cheah are thanked for their help at ANBF. The XANES lessons I 
have learned the hard way are lessons I have learned well. Paolo Sossi, Hugh O'Neill, John 
Mavrogenes and Frances Jenner are thanked for their assistance with data collection at the 
beamline. 
Charlotte Allen and Jung-Woo Park provided excellent assistance and training on the ANU 
LA-ICP-MS system. 
I would particularly like to acknowledge Frank Brink from Centre for Advanced Microscopy, 
ANU, for maintaining the JEOL6400, such that it produces the excellent results it consistently 
produces, providing assistance, and always being ready for a chat. Hua Chen also provided 
valuable assistance. Huijuan Li is thanked for help with the RSES JEOL SEM. 
David Clark and Dean Scott are thanked for technical assistance in the ANU experimen-
tal petrology laboratory, and enduring my constant whinging about everything I considered 
suboptimal. Harri Kokkonen provided excellent help regarding sample preparation. 
I would like to thank my brother Alex for his help as I was teaching myself programming. 
ANSTO is acknowledge for funding my attendance at the 2012 Cheiron School at SPringS. 
The Australian-American Fulbright Association is acknowledged for the award of the 2009 
BHP-Billiton Fulbright Postgraduate Scholar in Science and Technology. Craig Manning and 
Bob Newton are thanked for their hospitality at UCLA. I do promise to write up the forsterite 
solubility work. 
Frances Jenner is thanked for, amongst other things, being the one person I could count on 
to always want to discuss things relating to selenium. Finally, thanks to all the ANU students, 
post-docs and visitors, past and present, with whom I have had the pleasure on interacting 
over the last few years. 
June 26, 2014 
Abstract 
Selenium is a member of group 14 of the periodic table, directly below sulfur, and is generally 
acknowledged to exhibit similar geochemical behaviour to sulfur, as evidenced by complete 
solid solution between many sulfur and selenium minerals. The behaviour of chalcophile el-
ements, such as sulfur and selenium is of relevance to ore formation, volcanic degassing and 
may be useful for unravelling the redox history of convergent margin magmas. Investiga-
tion of the behaviour of selenium in natural magmatic systems has been limited by sub-ppm 
abundances prohibiting routine analysis of Se. Recent analytical advances (i.e. LA-ICP-MS) 
have made analysis of Se and other low abundance trace elements in silicate glasses a more 
tractable prospect. To provide context for interpreting selenium measured in natural samples, 
experiments have been conducted under controlled P, T and/O^ conditions to characterise the 
behaviour of selenium in silicate melts. 
A suite of Se-undersaturated synthetic glasses were synthesised at 1400 °C, 1.5 GPa at/o^ 
conditions constrained by the presence of graphite, Ru-Ru02 and 1.5 GPa O2 pressure. Se K-
edge x-ray absorption near edge structure (XANES) spectra of the glasses and a suite of model 
compounds were collected and compared to determine the speciation of selenium in the glass, 
and by analogy, the silicate melt. In equilibrium with graphite (/OJ=NNO-1.8) selenium is 
present in the glass as selenide (Se^"); in equilibrium with RU-RUOT (NNO+5.12) selenium 
is present as selenite (Se'''*'); in equilibrium with O2 gas selenium is present as a mixture of 
selenite and selenate (Se^''"). The speciation of selenium thus contrasts with that of sulfur, 
which occurs in only two valence states sulfide ( S ' " ) and sulfate with a rapid transition 
over ~ 2 log units of /o^ in the vicinity of NNO. Sulfur and selenium will thus only have the 
same speciation in silicate melts at low-moderate oxygen fugacities where both are present in 
the 2- state. Terrestrial magmas are insufficiently oxidised for Se®"^  to occur. 
Approximately 50 years of experimental investigation into the compositional controls of 
sulfide solubility in silicate liquids has demonstrated a general relationship between silicate 
liquid FeO content and sulfide content, however, limitations of 1-bar experiments have precise 
determination of the relationship. Experiments have been conducted at 1400 °C and 1.5 GPa to 
equilibrate silicate liquids on the join haplobasalt-FeO with Fe-S or Fe-Se liquids to determine 
the relationship between the sulfur content at sulfide saturation (SCSS) or the selenium con-
tent at selenide saturation (SeCSeS) and FeO content of the silicate liquid. Results reveal that 
both SCSS and SeCSeS have an asymmetric U-shaped dependence on the FeO content of the 
silicate liquid, reflecting the interplay of a negative dependence at low FeO content and a pos-
itive dependence at high FeO content. The results are explained in terms of a thermodynamic 
model for SCSS, and are compared with other models from the literature. 
Partitioning experiments were conducted at 1400-1500 °C and 1.0-3.5 GPa between hap-
lobasaltic silicate liquid and Fe-S-Se liquids. The results indicate that Fe-S-Se liquids conform 
to a symmetric regular solution, and that selenium is more compatible in the Fe-S-Se liquid 
than sulfur. These results are consistent with the limited dataset available for natural glasses 
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1. Introduction 
The chalcophile, or sulfur-loving elements' provide an avenue for the study of magmatic and 
mantle processes distinct from that of lithophile major and trace elements. Unlike lithophile 
elements that partition amongst major rock-forming minerals in mantle and magmatic rock 
lithologies, chalcophile elements are present in only trace abundances, and due to their in-
compatibility in silicate and oxide minerals, form discrete chalcophile element-rich phases. 
As sulfur is by far the most abundant of the chalcophile elements, the discrete phases are fre-
quently sulfide minerals or liquids. The behaviour of the chalcophile trace elements is there-
fore controlled by the fate of the sulfide phase in magmatic systems. 
Chalcophile elements are of interest for a variety of geochemical, geological, economic, in-
dustrial and environmental reasons. Firstly, the supply of most non-ferrous metals comes 
from the mining of metal sulfide ores (Heinrich and Candela, 2014). A significant portion of 
the worlds nickel, cobalt and platinum group elements (PGE) are sourced from magmatic sul-
fide deposits, where there is a direct, unambiguous relationship between immiscible sulfide 
and silicate magmas (Mungall, 2014; Naldrett, 2004). Volcanic systems are a significant source 
of sulfur release into the local environment and global atmosphere through the degassing of 
SO2 and H2S from magmas during ascent and eruption (Wallace and Edmonds, 2011; Oppen-
heimer et al., 2011). On a local scale, volcanic sulfur emissions sublimate to form exploitable 
deposits of native sulfur and result in the acidification of volcanic crater lakes (Delmelle et al., 
2014). Monitoring of sulfur emissions from volcanoes is frequently employed as a tool in vol-
canic hazard assessment (Young et al., 1998). Release of SO2 into the atmosphere results in ox-
idation and reaction with H2O to form sub-micron sized sulfuric acid aerosol particles, which 
' Defined to variously include some, or all of the anions S, Se, Te, As, Sb; the cations Au, Ag, Hg, Cu, Ni, Co, Fe, 
Re and the platinum group elements (PGE): Ru, Rh, Pd, Os, Ir, Pt 
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may return to the surface as acid rain. In explosive eruptions volcanic aerosols can reach the 
stratosphere, where their small size results in long residence time, such that the microscopic 
aerosols may become globally distributed and cause cooling of the earth as they reduce the 
amount of long vi'ave solar radiation reaching the troposphere by absorption and scattering 
(Robock, 2000; Oppenheimer et al., 2011, and references therein). At greater depths in vol-
canic systems, sulfur released from ascending magmas combines with metals to produce can 
produce hydrothermal ore deposits such as porphyry deposits, a major source of present day 
copper and molybdenum production (Cooke et al., 2014). 
A fundamental chemical property of sulfur is that it occurs in multiple valence states. As a 
group 16 element, it has 6 outer shell electrons in the 0 oxidation state. Thus, the geologically 
common oxidation states of sulfur are sulfide (S^"; full valence shell) and sulfate (S®"^ ; empty 
valence shell). Sulfite (S'*"'') is most common in geologic environments as sulfur dioxide gas 
(SO2), whilst minerals such as pyrite contain sulfur in the -1 valence state. In addition, sulfur 
can be found in other oxidation states in organosulfur compounds, such as +1 {e.g thiophene) 
and +2 (e.g sulfoxide). Whilst clearly demonstrated in early experimental investigations into 
sulfur solubility in silicate melts (Fincham and Richardson, 1954; Nagashima and Katsura, 
1973; Katsura and Nagashima, 1974), the relevance of sulfur oxidation state to magmatic pro-
cesses began to receive attention following the identification of magmatic anhydrite at Mount 
Lamington, Papua New Guinea (Arculus et al., 1983), the 1982 eruption of El Chichon Volcano, 
Mexico (Luhr et al., 1984) and the 1991 eruption of Mount Pinatubo, Philippines (Rutherford 
and Devine, 1996; Hattori, 1996). The discovery of magmatic anhydrite, and the high sulfur 
contents calculated for the El Chichon magma prompted further experimental studies (Car-
roll and Rutherford, 1985,1987; Luhr, 1990; Baker and Rutherford, 1996; Jugo et al., 2005; Jugo, 
2009), which subsequently confirmed that the sulfur content at saturation varies significantly 
as a function of/o^, and thus the oxidation state of dissolved sulfur. The oxidation state of 
sulfur is therefore a first order control on the geochemical behaviour of sulfur in magmatic 
systems, and oxygen fugacity is a variable of importance. Recent experimental and spectro-
scopic investigations have begun mapping out the stability regions of dissolved sulfide and 
sulfate as a function of/o^ and silicate melt composition (Paris et al., 2001; Fleet et al., 2005; 
Wilke et al., 2008; Metrich et al., 2009; Jugo et al., 2010; Botcharnikov et al., 2011; Klimm et al., 
2012a), and new techniques are being developed for in situ identification of sulfur species in 
quenched silicate glasses (Klimm and Botcharnikov, 2010; Wilke et a l , 2011) and fluid inclu-
sions (Binder and Keppler, 2011; Ni and Keppler, 2012; Jacquemet et al., 2014). Within the 
stability region of a given oxidation state, the composition of the silicate melt is an important 
variable determining sulfur solubility (O'Neill and Mavrogenes, 2002b). 
Recent advances in microanalytical techniques, most notably laser ablation ICP-MS (induc-
tively coupled mass spectrometry) permit high sensitivity analysis of geological materials at 
the micron scale. As a result, it is now becoming routine to determine abundances of trace 
elements at concentrations that previously were too low to determine without considerable ef-
fort. For many 'obscure' trace elements, historically, the geochemist was in a cntch-22 situation, 
wherein analysis of low abundance 'obscure' trace elements was sufficiently difficult/tedious 
that the effort required strong justification, but the paucity of data meant too little was known 
to develop a strong scientific case for analysis, and furthermore the paucity of data provided 
little impetus for experimentalists to investigate trace element behaviour. The other members 
of group 16, namely selenium and tellurium, as well as other chalcophile elements such as 
arsenic and antimony certainly fall into the category of trace elements that historically were 
not included in routine analysis of magmatic rocks. Given the improvement of microanalytical 
techniques, and the wide ranging applicability for the study of sulfur in magmatic systems, an 
obvious direction for investigation is to examine the behaviour of other elements in group 16, 
such as selenium. The subtle differences in behaviour of elements in the same group has the 
potential to provide much greater sensitivity to the processes affecting chalcophile elements 
than studying sulfur alone. 
Jenner et al. (2010,2012) reported LA-ICP-MS analyses of a suite of MORB (mid-ocean ridge 
basalt) glasses, and back arc basin basalt (BABB) glasses from Pual Ridge, Eastern Manus 
Basin. MORB glasses, dredged from up to several thousand metres water depth are typically 
saturated with an immiscible (Fe-Ni-Cu) sulfide liquid (Mathez, 1976; Czamanske and Moore, 
1977; Francis, 1990; McNeill et al., 2009,2010; Fatten et al., 2012), and quenched MORB glasses 
exhibit sulfur contents consistent with experimental studies of sulfur solubility in sulfide satu-
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rated basalts, where sulfur is in the 2- valence state, and sulfur content increases with increas-
ing FeO content. In contrast, quenched Pual Ridge BABB glasses contained uniformly low sul-
fur contents, regardless of their degree of evolution. Low sulfur abundance is a feature typical 
of seafloor or sub-aerial glasses from arc and back arc environments where parental magmas 
are volatile-rich and Fe^ "*^  / L F e indicates higher/o^ than MORE. Studies of olivine-hosted melt 
inclusions reveal sulfur contents significantly greater than that measured in sub-aerial or sub-
marine glasses, consistent with sulfur loss from volcanic glasses due to degassing (Wallace 
and Edmonds, 2011). In contrast to sulfur, Se contents of both MORB and Paul Ridge BABB 
glasses were similar at equivalent silicate glass FeO contents. This lead Jenner et al. (2010) to 
suggest that Se was retained in Paul Ridge glasses, whilst S was lost via degassing, possibly 
due to a difference in speciation in the silicate melt. Specifically, that under /Q^ conditions 
where sulfur is dissolved as sulfate, selenium may remain in the reduced 2- state. 
As the database of Se analyses from magmatic rocks grows, there is a need for system-
atic experimental investigation under controlled conditions to constrain the fundamental geo-
chemical behavior of selenium for comparison with sulfur. Without characterisation of its 
fundamental behaviour, interpretations of Se data from quenched glasses and mantle xeno-
liths remains based limited information in the best cases, and conjecture in most others. The 
collection of such fundamental data is the focus of this thesis. 
1.1. Structure of this thesis 
Chapter 2 provides theoretical background on/o^ , reviews the speciation of elements in sili-
cate melts as a function of/Q^ and presents the theory behind the technique of x-ray absorption 
spectroscopy Chapter 3 reports a XANES investigation of Se speciation in anhydrous silicate 
glasses quenched from high temperatures. Chapter 4 reports a XANES study into the speci-
ation of Se in hydrous silicic glasses quenched from lower temperatures. Chapter 5 reports 
an experimental investigation into the sulfur content at sulfide saturation (SCSS) and the sele-
nium content at selenide saturation (SeCSeS) as a function of FeO content. Chapter 6 presents 
experiments investigating Se partitioning between sulfide liquid and silicate melt as a function 
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of S/Se, pressure and temperature. Appendix A presents a study into Na-loss during the anal-
ysis of silicate glasses via SEM EDS. Appendix B summarises the method used in Chapter 4 to 
determine the H2O contents of silicate glasses by reflectance FTIR. Appendix C summarises 
the XANES analysis conditions. 
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2. Background 
2.1. Redox speciation in silicate melts 
2.1.1. Oxidation, reduction and oxygen fugacity 
In the historic, and most hteral sense, redox (reduction-oxidation) reactions are reactions in-
volving the gain and loss of oxygen. The concept of oxidation and reduction has a long his-
tory, dating back to the discovery of oxygen by Priestley (1775) and the subsequent work of 
Lavoisier, culminating in Lavoisier (1789), where oxidation was defined as referring to the 
reaction of metals with oxygen in the air, and reduction defined as a reaction involving the 
loss of oxygen from a metal oxide, typically though oxidation of charcoal. Late 19th century 
electrochemical investigations related oxidation and reduction to ionic charge, and identified 
oxidants as substances that acquire positive charge/release negative charge, and reductants as 
substances acting conversely (Ostwald, 1887). Development of the electronic theory of bond-
ing in the 20th century led to the explicit relationship between oxidation/reduction and the 
loss/gain of electrons, permitting unification of the concepts of redox, polar valence and elec-
tronegativity (Jensen, 2007, 2003,1996). 
The oxidation state of an atom is defined as the charge on an atom when the electrons are 
counted according to rules defined by lUPAC (Calvert, 1990). For inorganic geochemical pur-
poses, the oxidation state of an atom in a compound is simply the number of valence electrons 
it has gained or lost. 
Oxidation refers to the loss of electrons, and the electron affinity of an element is quanti-
fied as electronegativity. The oxidation state of a system is ultimately related to the abun-
dance of electronegative elements within such a system. When the composition of the earth 
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is considered, oxygen is seen to be the most abundant element, and only fluorine is more 
electronegative than oxygen. Thus, the majority of geochemical reactions involving the gain 
or loss of electrons will involve gain or loss of electrons to oxygen, and such reactions are 
both ubiquitous and important. Valence shell, or the outermost electrons of an atom are the 
electrons involved in chemical bonding, and as redox reactions result in the gain or loss of 
valence electrons, it follows that changes in oxidation state of an element result in a change 
in chemical behaviour of that element. This change in behaviour may be manifest in geolog-
ical systems, for instance, as different partition coefficients for the different valence states of 
element between mineral and melt, or differing solubilities in aqueous fluid. Two different 
elements that may behave similarly under one set of redox conditions, may behave differently 
under another, leading to fractionation. It is of considerable utility to have a parameter that 
can quantify the oxidation state of a system of interest, that is to say, a parameter that per-
mits us to relate the oxidation states of elements in minerals to ambient redox conditions via 
mineral assemblages. Ultimately, the redox conditions are reflected by the bulk composition 
of the system, though it would be both analytically challenging and quite tedious to quantify 
redox by measuring the abundance of all elements in a system and then distributing electrons 
on the basis of electronegativity, and even then, comparing different systems would not be 
straightforward. Fortunately, a more convenient parameter for expressing the oxidation state 
of a system is oxygen fugacity,/o . 
Any reaction that involves the gain or loss of electrons may be written such that it involves 
molecular oxygen, for example 
6Fe203(^, ^ 4 F e 3 0 4 ( „ + (2.1) 
is the reaction of magnetite and oxygen to form hematite. The equilibrium constant for this 
reaction can be expressed: 
^^ <2.1, = y , ^ (2.2) 
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and 
4 log [ « F e 3 o j ' + log/o , - 6 log [flpe^o,]' (2-3) 
where a refers to activity, and/ , fugacity. Fugacity has been referred to as the 'ideal or corrected 
vapour pressure' (Anderson, 2008), and is related to the fugacity coefficient: 
fi = 7,Pi (2.4) 
where p,- is the partial pressure and j j is the fugacity coefficient of species i. The fugacity 
coefficient can be thought of as a type of activity coefficient accounting for the non-ideality 
of real gases. Thus, for ideal gases , / = p, and for real gases at low pressures f x p. At high 
pressures and temperatures 7 can be » 1 . 
Returning to the magnetite-hematite example, we can assume unit activity for the solid 
phases and simphfy: 
-ArG(2 1) 
logK(2.i) = log/o , = l o g l o j f b j = ^f—- (2-5) 
1) can be calculated using the data of Robie and Hemmingway (1995) to return 415.6 
k j m o r ^ such that log K^2D is -72.80 at 25 °C and 1 bar. Using the relationships presented 
above, log/o^ for the assemblage magnetite-hematite is therefore -72.8 at 25 °C and 1 bar. As-
suming 7 o , is equal to 1.0, which is a valid assumpHon at 1 bar, then we can also say that 
the partial pressure of oxygen in equilibrium with the magnetite-hematite assemblage is also 
jg-0.72 jj^jg ig ari intangibly small partial pressure that cannot be measured directly; An-
derson and Crerar (1993) suggest such a partial pressure would equate to 3 molecules of O2 in 
10^° litres, a volume larger than a sphere with the diameter of the solar system. Nevertheless, 
such a small partial pressure has thermochemical meaning. At low temperatures, <300 °C, 
solid-state reactions are unlikely to reach equilibrium in any case, due to extremely slow re-
action rates. At higher temperatures the magnetite-hematite example yields a tangible sense 
of /o^. Shown in Figure 2.1 is/o^ for reaction 2.1 plotted as a function of temperature and log 
/ o . Air contains approximately 21 volume percent O2, which equates to a partial pressure of 
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Figure 2.1.: Comparison of redox buffers in the system Fe-O and t h e /q , of air. 
0.21 bar (at 1 bar total atmospheric pressure), and a log/o^ of -0.68. Inspection of Figure 2.1 
reveals that in equilibrium with air, hematite is the stable phase until ~ 1 4 0 0 °C, when it will 
evolve O2 and transform to magnetite. The partial pressure of O2 in air is simply too low for 
hematite to remain stable above ~1400 °C. 
Oxygen fugacity provides the geochemist with a convenient way of calculating an oxida-
tion state for any chemical reaction that can be written involving O i , and in this manner the 
relative oxidation states of different mineral assemblages can be directly compared. To relate 
oxygen fugacity to conditions in the real world requires relating redox reactions to mineral as-
semblages and the composition of minerals. The use of mineral compositions to infer oxygen 
fugacities of geologic environments is known as oxybarometry Of all the elements that exhibit 
changes in valence state under prevailing crustal and mantle/o^ conditions, iron is the most 
abundant, and most calibrated oxygen barometers involve Fe-bearing minerals, relying on 
the exchange between Fe2+ and Fe^+-bearing end-members of a solid solution. For example, 
the coexisting Fe-Ti oxide mineral solid solutions magnetite-ulvospinel and hematite-ilmenite 
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(Buddington and Lindsley, 1964; Ghiorso and Evans, 2008), are frequently employed as an oxy-
barometer in silicic volcanic rocks, whilst the olivine-orthopyroxene-spinel (O'Neill and Wall, 
1987; Wood, 1991) and olivine-orthopyroxene-garnet (Gudmundsson and Wood, 1995; Stagno 
et al., 2013) assemblages are employed to determine the oxygen fugacity of mantle xenoliths. 
/o, buffers 
A common way to present/q^ data is relative to /q^ imposed by a particular mineral assem-
blage, referred to as an /q^ buffer. As the /q^ imposed by an assemblage varies with T, any 
value for /o, is only meaningful if it is also reported with a temperature. However, the curves 
in T-fo^ space defined by /q^ buffer assemblages are largely sub-parallel,/o^ can be reported 
in delta notation, which is the difference between the /q^ of interest and a reference buffer 
curve. Thus, ANNO+0.5 represents a log /q , value 0.5 log units above the curve defined by 
the nickel-nickel oxide (abbreviated to NNO) assemblage. Shown in Figure 2.2 is a compila-
tion of /oj buffers as a function of temperature at 1 bar pressure. It is important to note that 
the/oj value imposed by a buffer assemblage varies with pressure as well as temperature, so 
whilst reporting/oj in delta notation removes the need to report a value for temperature, it is 
necessary to specify with which pressure the delta value is associated. In this thesis, the excel-
lent calibration of the nickel-nickel oxide buffer assemblage by Campbell et al. (2009) will be 
the basis for all delta notation values, unless indicated otherwise. The Campbell et al. (2009) 
calibration is preferred as it is based on precise experimental AV - P -T data covering a very 
wide range of P and T. 
2.1.2. Controls on redox speciation in silicate melts 
The theoretical basis for redox equilibrium between species of a multivalent element in silicate, 
or more generally, oxide melts has been developed by Johnston (1964, 1965, 1966), Schreiber 
(1987), Paul (1990), Muller-Simon (1996) and Berry and O'Neill (2004). For a multivalent ion 
the redox equilibrium in a silicate melt can be represented 
4 l i q u i d ) + « 0 2 ( g a s ) ^ 4 -h 2 h ( 2 . 6 ) 
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Figure 2.2.: Examples of/o^ buffers. Data sources: Mn-O system: Grundy et al. (2003); Cr-CrjO,: Holzheid and O'Neill (1995); Fe-
FeO, Co-CoO, Ni-NiO, Cu-CujO: O'Neill and Pownceby (1993a); Mo-MoOz: O'Neill (1986); Fe0-Fe304: O'Neill (1988); 
Re-ReOz: Pownceby and O'Neill (1994b); Fe304-Fe203: Hemmingway (1990); Ru-Ru02, Os-OsOj, Ir-IrOj: O'Neill and 
Nell (1997); Pd-PdO: Nell and O'Neill (1996). 
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where n is the number of electrons transferred, is the oxidised ion, and M'^  is the re-
duced ion. Equation (2.6) implies that the equilibrium between the two species will depend on 
the identity of the ion, the concentration of the ion in the melt, the composition and structure 
of the melt (i.e. O^-) , as well as the imposed oxygen fugacity, pressure and temperature. An 
equilibrium constant for the above reaction can be represented 
where the 7m terms are the activity coefficients of the respective ions of M, the X ^ terms 
are the mole fractions of the respective ions of M, /Q^ is the imposed oxygen fugacity, AQZ-
is the activity of the O^" ion in the melt, (i.e. melt basicity) and n is the number of electrons 
transferred between the reduced and oxidised species of M. Equation (2.7) leads to 
= 0.25 logK^^,,, - log ( 2 ^ ) - (^ ) ( logno._ ) + i'l) (log/o^) (2.8) 
In the specific case where only a single multivalent ion of interest is present in dilute con-
centrations the activity coefficients of both M ions and O^" ions can be considered constant 
(i.e. Henry's law region; Schreiber et al., 1978,1984). It should be noted, however, that if there 
is an additional multivalent element that is a significant component of the melt, e.g. an Fe-
bearing basalt, aQZ- will vary as a function of/q^ in response to the changing Fe-+ /Fe^"'' ratio 
and the differing structural roles of the respective Fe species in the melt (Chapter 11; Mysen 
and Richet, 2005). Keeping this in mind, equation (2.8) can be simplified by first defining 
logic ;^ , , = 0.25 logK,2.6) - log - (log«oa-) (2.9) 
AM* ^ 
and substituting into (2.8) to give 
l o g ( % ^ ) = logK;^ , , + ( ^ ) ( l o g / o , ) . (2.10) 
With the assumption that M'*"*""' and M* are the only M species present, equation (2.10) can 
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be rearranged to express the ratio of to total M species {i.e. £ M = M'*"*""' + M*): 
_ 1 
L M " 1 + i o « f " " s / o 2 
(2.11) 
Equation (2.11) describes the sigmoidal dependence of the speciation of M as a function 
of / o j , specifically a logistic curve, where the position of the curve in/o^ space is defined by 
log K', and the 'slope' is defined by n, the number of electrons transferred between the reduced 
and oxidised species. Depicted in Figure 2.3 is the family of curves produced for electron 
transfers between 1 and 8 electrons and an arbitrary log K' of 0. The number of log units 
of oxygen fugacity between 1% reduced species and 99% reduced species is plotted against 
number of electrons involved in the reaction is presented in Figure 2.4. It can be seen that an 
element undergoing a single electron transfer, such as Fe^+ to Fe^+ will take approximately 16 
log units of /o^ for substantial completion (e.g. Fig. 8 of Jayasuriya et al., 2004), whereas an 
element undergoing an 8 electron transfer reaction, such as to will take approximately 
2 log units o f / o j for substantial completion (e.^. Fig. 10 of Jugo et al., 2010). 
Mutual equil ibrium amongst redox pairs 
The foregoing discussion was was concerned with the restricted case of a melt containing only 
one multivalent element. In systems involving more than one multivalent element, interaction 
between redox pairs must be considered. An excellent introduction is provided by Borisov 
(2013), and is summarised here. In high temperature experiments in a gas mixing furnace, 
multivalent elements will equilibrate with the furnace atmosphere. In a hypothetical silicate 
melt containing moderate amounts iron and minor amounts of manganese, equilibration of 
pe2+/pe.i+ will result in changes in activities of the respective oxides (FeO and FeOj 5), which 
will necessarily affect the activities of all other oxides, including MnOi 5 and MnO, thus af-
fecting the Mn3+ to Mn2+ ratio. The extent of this effect is dependent on the abundance of the 
oxides in the melt, and in melts of geological composition, the Fe content is occasionally high 
enough that changes in Fe2+/Fe3+ will result in significant changes in melt structure and thus 
the activities of other oxide components. 
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Figure 2.3.: Relationship between speciation and log units of oxygen fugacity as 
a function of electrons («) involved in the redox reaction (Equation 2.11). 
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Figure 2.4.: Relationship between number of electrons (;;) involved in the redox reaction, and 
log units of oxygen fugacity separating = 0.01 and = 
0.99. For a 1 electron transfer reaction such as ~ 1 6 log units of oxygen 
fugacity separate 1% Fe3+ and 99% Fe3+. In contrast, for an 8 electron transfer 
reaction such as only ~ 2 log units of oxygen fugacity separate 1% 
and99%S^+. 
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The XANES study of Berry and O'Neill (2004) observed the entire range of Cr-^+ /Cr^+ in 
quenched Fe-free silicate glasses, but did not observe any Cr^"^ in quenched Fe-bearing com-
positions. When Fe- and Cr-bearing silicate glasses/liquids were investigated via XANES over 
a range of temperatures, Cr '+ was observed to oxidise to Cr-^+ during quenching, with all but 
the most reduced glasses displaying Cr3+-free spectra (Berry et al., 2003b). This behavior can 
be interpreted as the result of cooling under closed system conditions, where there is lim-
ited equilibration with oxygen in the furnace atmosphere during rapid cooling, but reaction 
amongst multivalent elements in the glass is possible. 
Borisov (2013) notes that Equation (2.10) can be expressed in the form: 
' o g % 6 ) = j^j + —j^ (212) 
where AH^2.6) and AS(2.6) are the enthalpy and entropy of reaction (2.6), and R is the universal 
gas constant. Equation 2.12 may be expressed: 
I o g ( % ^ ) = ( ^ ) ( l o g / o , ) (2.13) 
where h and s are constants and T is temperature in kelvin. The slope of log / q , against re-
ciprocal absolute temperature is proportional to the enthalpy of the redox reaction, such 
that 
The value of h is characteristic of a redox pair, and in a given melt composition, the h val-
ues of two multivalent elements can be significantly different, leading to the interactions dur-
ing closed-system cooling. Borisov (2013) regressed speciation data from Na2Si204 melts of 
Johnston (1964) and Johnston (1965) to generate k, h and s values. Using the Ce' '+/Ce^+ and 
pairs as an example: 
Ce4+ -I- Co2+ Ce3+ -H Co3+ (2.15) 
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Borisov (2013) suggest that this reaction may be evaluated thus: 
such that a comparison of the enthalpies of reactions for the / a n d / e q u i -
libria will demonstrate the direction of the exchange reaction during cooling. Borisov (2013) 
further suggests that a visualisation of the relative temperature slopes (enthalpies) of reaction 
would be easily comprehensible to geochemists and petrologists when presented in inverse 
temperature-Zoj space, reproduced as Figure 2.5. The origin represents the T'/o^ conditions 
of the experiment, and the vectors represent the change in intrinsic/Q^ as each redox pair equi-
librates under closed-system conditions during cooling. For a melt with only one polyvalent 
element, the ratio of the species will be constant along the vector. For a melt with two polyva-
lent elements, Co and Ce for instance, then the melt will evolve along a path within the region 
bounded by the and Ce' '+/Ce^+ trends. The exact location is dependent on the 
C o / C e ratio, and the Co''+ and Ce'*+ /Ce' '+ ratios under initial conditions {i.e. T and/Q^ 
conditions). As the Co^"'"/Co^"'' vector lies at higher/Q^ than the vector at a given 
T, to move into the region between the vectors necessitates reduction of some 
Co3+ to Co2+ 
and thus concomitant oxidation of Ce-^ '*' to Ce''+. Furthermore, elements for which redox pairs 
have trends that are close together will interact weakly, whilst those that are distant {e.g Co 
and Fe) will interact strongly. 
To be a predictive tool, the approach of Borisov (2013) requires knowledge of 
(1) the temperature at which equilibrium with the furnace atmosphere ceases (i.e the origin 
point of the 'rose of/Q^ trends); 
(2) temperature at which the mutual redox reactions cease. The latter parameter is typically 
assumed to be the temperature of the glass transition, Tg. 
Metrich et al. (2009) speculate that the large change in coordination environment between 
S^" and would cause an Fe-S electron transfer reaction to halt at T^ when translational 
motion of oxygen anions is restricted. In contrast, Jugo et al. (2010) were able to reconcile their 
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Figure 2.5.: The 'rose of/o^ trends' of Borisov (2013) for Na2Si204 melt, using data of Johnston 
(1964) and Johnston (1965). 
S K-edge XANES data for basaltic glasses synthesised in rapid-quench internally heated pres-
sure vessels (Berndt et al., 2002) with the theoretical slope expected for an 8 electron-transfer 
reaction, suggesting that quench modification is not significant. There is therefore inconsis-
tency amongst elements that exhibit mutual redox interaction during quench (e.g. chromium) 
and those that do not, such as sulfur. Notably, Cr is a cation and S is an anion, perhaps sug-
gesting that structural position in the silicate liquid may influence redox interactions during 
quench. This is an issue that ultimately requires in situ investigation of silicate liquids at tem-
perature. However, this is potentially an intractable prospect for an element such as S, that 
has low energy x-rays, readily attenuated by the furnace window, etc., and S-bearing silicate 
liquids require a sulfurous furnace atmosphere that will also interact with the x-ray beam. 
2.1.3. Speciation of elements in natural magmas 
The foregoing derivations provide a framework for considering the behaviour of multivalent 
element in terrestrial and planetary magmas. It is evident from Figure 2.3 that approximately 
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16 log units of oxygen fugacity are necessary to observe the entire range of speciation for an 
element such as iron for which there is only one electron transferred between Fe^"'' and Fe^"''. A 
sixteen log units range in oxygen fugacity is significantly larger than would be expected in any 
terrestrial magmatic environment (~IW-2 in the deep mantle to ~ IW+7 in Island Arc Basalts; 
Righter et al., 2006). 
In contrast to iron, sulfur is known to dissolve into low pressure silicate melts only as the 
S^" (sulfide) and (sulfate) species. The oxidation of sulfide to sulfate involves 8 electrons, 
which equates to ~ 2 log units of fugacity (Figure 2.3). This range in/Q^ space, combined with 
the log K' determined experimentally Qugo et al., 2010; Wilke et al., 2011; Klimm et a l , 2012a) 
places the sulfide-sulfate transition within the/o^ range of terrestrial magmatism. 
2.2. X-ray absorption near edge spectroscopy 
X-ray absorption near edge structure (XANES) also referred to as near edge x-ray absorption 
fine structure (NEXAFS, though typically applied only to light elements) is a type of x-ray 
absorption spectroscopy (XAS)—an element-specific technique that provides information on 
the valence state and local chemical environment of all atoms of the element of interest in the 
excited portion of solid, liquid or gas samples. 
2.2.1. The process of x-ray absorption 
Atoms consist of a dense, positively charged nucleus comprised of protons and neutrons, sur-
rounded by shells of negatively charged electrons. The electrons occupy defined orbitals of 
specific energies. Electrons can be divided into two groups, the tightly bound, core-level elec-
trons that occupy low energy orbitals close to the nucleus and the loosely bound valence elec-
trons that occupy the high energy outer orbitals. It is valence electrons that participate in 
chemical bonding, and the oxidation state of an atom arises from the loss or gain of electrons 
from the valence orbitals. Oxidation states defined by oxidation numbers greater than zero 
arise from the loss of valence electrons giving the atom a net positive charge, whilst negative 
oxidation numbers arise from the gain of additional valence electrons giving the atom a net 
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negative charge. The energy required to remove an electron from an atom is referred to as the 
electron binding energy. The core level electrons are tightly bound to the atom, and have high 
electron binding energies. Electrons in orbitals further from the nucleus require less energy 
to be removed as they are screened from the positively charged nucleus by the inner electron 
shells. Electron binding energies for a given electron shell increase with atomic number (Z), as 
increasing atomic number results in increased positive charge in the nucleus, vi?ith the effect 
of binding electrons more tightly. 
When a photon of sufficient energy {i.e. an x-ray) is absorbed by an atom, a core level elec-
tron is excited to either a higher level, unoccupied (valence) electron orbital, or out of the atom 
completely into the continuum. The excited electron is referred to as photo-electron. This pro-
cess of absorption and excitation produces the characteristic x-ray absorption spectrum of an 
element, v^'herein the step-like increases in absorption, called absorption edges, correspond to 
binding energies of core-level electron orbitals (Figure 2.6). The position formerly occupied 
by the core level electron is referred to as a core hole. Core holes are inherently unstable, and 
within femtoseconds, the atom relaxes as an electron transitions from a higher level orbital to 
fill the core hole. In the process of transitioning from the higher energy, higher level orbital 
to the lower energy core orbital the electron releases a photon. The emitted photons represent 
the characteristic x-ray fluorescence lines of an element; the emitted photons are characteristic 
because the energies of electronic transitions, and hence the energies of electron orbitals are 
unique for each element. Not all relaxations involve the production of characteristic fluores-
cence photons, as relaxation can also occur via Auger electron production, secondary electron 
production, or photon emission where relaxation does not occur in a single step, but by fill-
ing the core hole in multiple smaller steps {i.e. L-shell -> K-shell, M-shell L-shell, N-shell 
-> M-shell, etc.). Measurement of characteristic x-rays forms the basis of x-ray fluorescence 
techniques, such as x-ray fluorescence spectrometry (XRF). 
2.2.2. X-ray absorption coefficient 
The fundamental property measured by XAS is the energy dependent x-ray absorption coef-
























Figure 2.6.: Photoelectric absorption cross section for selenium. Data from Chantler (2000). 
x-ray absorption, as a function of incident x-ray energy. As incident x-rays increase in energy, 
the absorption coefficient decreases, i.e. higher energy x-rays are less well absorbed. The de-
crease in absorption coefficient is not a smooth function of energy, as it is punctuated by steps 
that correspond to the characteristic absorption edges of each element. Show in Figure 2.6 
is the x-ray absorption cross section of selenium as a function of incident x-ray energy (x-ray 
absorption cross-section is proportional to the x-ray absorption coefficient, n(£)) . 
The energy dependent x-ray absorption coefficient, } i (£) , is related to the number of x-ray 
photons incident on (Jg), and transmitted through (/,) a sample, and the sample thickness (x): 
I, = (2.17) 
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Figure 2.7.: Electronic transitions between orbitals for selected absorption edges (left) and 
emission lines (right). A schematic absorption spectra shown at the far left to il-
lustrate the relationship between electron levels and absorption spectra. Electron 
orbital energies increase upwards on the diagram from the K level to the M5 level, 
whilst electron binding energies increase downwards from the M5 level to the K 
level. Nomenclature after Jenkins et al. (1991) 
2. Background 
or, rearranged: 
}i{E)x = I n ^ . (2.18) 
'0 
It can be seen from Equation 2.17 that x-ray transmission increases linearly with increasing 
flux of incident x-rays, but decreases exponentially with increasing sample thickness. The x-
ray absorption of a sample is typically discussed as the percentage decrease of the incident 
intensity (Ig), or in terms of absorption length, where one absorption length is the thickness 
of sample necessary to decrease x-ray intensity by 1 — or 63%. The absorption coefficient 
varies as a function of incident x-ray energy (hence the name, energy dependent absorption 
coefficient), and will be unique to each sample as absorption is a function of both the elemental 
composition and sample density. 
The most straightforward way to collect x-ray absorption data is to subject a sufficiently thin, 
uniform sample to a flux of x-rays of known energy (and energy bandwidth) and simply mea-
sure the intensity of the x-ray flux before and after the sample. This type of measurement is 
referred to as a transmission mode measurement. As core-holes have lifetimes of only fem-
toseconds, each absorption of an incident x-ray causing excitation of a core shell electron will 
result in the production of a fluorescence photon as the core-hole is filled. Thus, the energy de-
pendent x-ray absorption coefficient, }i(£), can also be related to the production of fluorescent 
x-rays (If): 
}t{E)x « I n f . (2.19) 
'0 
Measuring j i(£) by comparing incident and fluorescence fluxes is referred to as a fluorescence 
mode measurement. Fluorescence intensity is only proportional to incident intensity, as there 
will be absorption of fluorescence photons in the sample itself, and along the path to the de-
tector unless the measurement in conducted in a perfect vacuum, by the detector window, 
etc. 
2.2.3. Near-edge structure 
X-ray absorption spectroscopic methods, such as XANES, are concerned with measuring the 
fine structure surrounding absorption edges. When the x-ray absorption cross section or |i(E) 
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is presented on a log energy scale covering a large energy range (10s of keV), absorption edges 
appear as discrete steps (Figure 2.6). However, when the region in the vicinity of an x-ray 
absorption edge is measured with a low energy bandwidth incident x-ray flux at high sensi-
tivity, the absorption edge is seen to retain the shape of a step, though with considerable detail 
in the form of peaks, shoulders and oscillations. Shown in Figure 2.8 is a normalised K-edge 
absorption spectrum for the grey hexagonal allotrope of native selenium. 
Figure 2.8A distinguishes between the XANES (within -50 to -1-200 eV of the edge) and EX-
AFS (extended x-ray absorption fine structure; up to several hundred eV above the edge) re-
gions. Figure 2.8B presents a typical XANES spectrum and the terminology commonly used 
in the literature and this thesis. Briefly, the region on the low energy side of the absorption 
edge is referred to as the pre-edge region, and similarly the high energy side is the post-edge 
region. Many samples exhibit a strong absorption peak at the edge itself, which is variously 
referred to as the edge crest, or the white line. White line is an archaic term dating to the early 
20th century, when x-ray absorption was measured using photographic plates, and the strong 
absorption of the edge crest was manifest as an underexposed white line on the negatively de-
veloped photographic plate (Stumm von Bordwehr, 1989). The energy ascribed to edge itself, 
can be defined in several ways, as outlined by Henderson et al. (2014). For the purposes of 
the present study, the edge energy. Eg, is defined as the first inflection point on the step. Eg 
is most conveniently determined by finding the energy of the peak in the first derivative of 
the absorption spectrum (Figure 2.8C). Such a definition has little theoretical basis (Newville, 
2014), but is commonplace, straightforward and most importantly, reproducible. In a similar 
fashion the energy of the edge crest is the zero crossing point the derivative spectrum (Figure 
2.8C). 
The shape of the observed XANES spectrum is a function of both the initial and final states 
involved in an electronic transition. Increasing the oxidation state of an atom requires the loss 
of valence electrons. The loss of electrons results in less screening of core level electrons by 
valence electrons, and as a result, the core level electrons are more tightly bound, resulting 
in an increase in the binding energy. Thus, changes in valence state change the initial state 
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Figure 2.8.: Normalised x-ray absorption spectrum for the grey hexagonal allotrope of native 
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Figure 2.9.: Sulfur K-edge XANES spectra from Bare (2005) that demonstrate increasing £„ 
and increasing edge crest intensity with increasing oxidation state. 
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linear relationship between absorption edge and valence state has been referred to as 'Kunzl 's 
law' (Kunzl, 1932; Vairavamurthy et al., 1993), though other aspects of the bonding environ-
ment {i.e. final states) n:\ay produce signals that overwhelm this relationship (Metrich et a l , 
2009). Shown in in Figure 2.9 are a suite of X A N E S spectra for sulfur compounds of various 
valence states, taken from Bare (2005). Kunzl's law clearly applies to this suite of samples, 
as the position of the edge is seen to move to higher energy with increasing oxidation state. 
Also notable is the increasing Intensity of absorption at the edge crest with increasing oxida-
tion state. Strong absorption at the edge crest can be crudely ascribed to the loss of valence 
electrons resulting in a larger number of transitions being available to the photo-electron, and 
a larger number of transitions results in a higher probability of an electron transition occur-
ring. In detail, it is more complicated, due to selection rules forbidding some transitions and 
hybridisation of orbitals with ligands etc. 
2.2.4. XAS measurement 
X-ray absorption spectroscopy measurements are most frequently conducted employing syn-
chrotron radiation light sources, as such light sources can provide continuum x-ray light 5 to 10 
orders of magnitude brighter than traditional laboratory x-ray sources. Briefly, synchrotron 
XAS measurements involve filtering the incident high brightness, broad-spectrum incident 
x-ray light leaving the insertion device via a monochromator, typically a Si double crystal 
monochromator for energies > 5 keV. The energy filtered x-ray beam will then be focussed by 
x-ray optics or shaped by simple slits. The x-ray flux is typically measured before the sample 
by a means of a gas-filled ion chamber. The measurement of the flux at this position is usually 
denoted 1q. Downstream of the initial ion chamber the sample is presented to the beam. For 
transmission mode measurements the sample may take any number of forms, providing that 
the region of sample transected by the beam is of uniform density. For fluorescence measure-
ments the sample is oriented at 45° to the incident beam to maximise fluorescence towards 
a fluorescence detector (typically a solid state Ge or Si EDS detector) oriented at 90° to the 
beam. An advantage of locating the fluorescence detector at 90° to the incident beam is min-
imisation of elastically and inelastically scattered x-rays seen by the fluorescence detector that 
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unnecessarily increase the total count rate and thus deadtime (Newville, 2014). Downstream 
of the sample will be an additional one or two ion chambers, denoted and I2, respectively. 
A schematic representation of a the setup at the Australian National Beamline Facility is pre-
sented in Figure 2.10. 
Double crystal monochromators operate by moving the crystals in space to alter the Bragg 
angle. The crystals are moved by a mechanism that may not be completely reproducible (nec-
essary angular precision is on the order of 10"'' degrees), and thus energy is typically cal-
ibrated by scanning energy (i.e. moving the crystals) to locate a spectral feature of known 
energy, such as the absorption edge of a stable metal foil. As there is scope for drift in the 
monochromator mechanism, which translates into uncertainty in the incident energy, it is 
customary to record a foil in transmission mode between /] and I2 to provide an energy ref-
erence, such that a particular feature of the reference spectrum will assigned an energy, and 
the all spectra corrected accordingly. Note that this method of energy calibration does not 
account for inconsistency in the energy step size, it merely ties a single point of all spectra 
to a specific energy. Additionally, the incident flux of x-rays onto the monochromator crys-
tal generates heat, which will result in changes in the lattice spacing. Crystal monochroma-
tors are thus equipped with cooling systems to counteract the x-ray induced heat load (up to 
500 watts/mm^ Matsushita, 2010). Crystal monochromators do not reach equilibrium with 
the x-ray induced heat load instantaneously, such that energy drift is to be expected as the 
monochromator equilibrates with the heat load after start-up, a beam fill, etc. 
Beam damage 
An important, though less frequently discussed difficulty encountered with XAS measure-
ment is beam damage, where the incident x-ray flux causes changes in the sample manifest as 
a time dependent change in the XANES spectrum. Biological samples are particularly suscep-
tible to beam damage, resulting in techniques such as analysing samples at cryogenic temper-
atures. However, George et al. (2012) report that selenate bearing aqueous solutions undergo 
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Figure 2.10.: Schematic representation of XAS beamline at the Australian National Beamline Facility (ANBF), Photon Factory, 
Tsukuba, Japan. The energy of the beam is filtered by the double crystal monochromator; the beam dimensions, flux 
and energy resolution are set by the slits; ion chambers measure beam intensity; the fluorescence detector perpendic-
ular to the beam measures an emission line of the element of interest. 
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2.2. X-ray absorption near edge spectroscopy 
Wilke et al. (2008) demonstrate reduction of S from S^^ to S'^ ^ in an anhydrous andesitic 
glass analysed at ESRF. Beam damage occurred in samples exposed to a focussed 0.8 jim beam, 
but not a 200 fim beam. Some hydrous andesite samples exhibited beam damage even with 
a defocussed beam. In contrast, hydrous soda-lime silicate glasses exhibited oxidation when 
analysed at the Swiss Light Source. 
Burnham (2012) reports beam damage during Eu L3-edge XANES of CMAS glasses pre-
pared at 1400 °C and a range of/o^ conditions. Beam damage was manifest as a decrease in 
the intensity of the Eu^'*' peak, and an increase in the intensity of the Eu''"'' peak. Attenuation 
of the photon flux and defocussing of the beam did not reduce the extent of beam damage. 
Glasses analysed at the undulator beamline 118 (Diamond Light Source) exhibited brownish 
discolouration after exposure. 
Gongalves Ferreira et al. (2013) report photo-reduction of iron in soda-lime silicate glasses 
with iron contents between 150 and 5000 ppm. Photoreduction was only observed in samples 
with less than 5000 ppm Ee. XAS measurements taken at 450-500 °C did not exhibit photore-
duction, leading the authors to suggest that localised defects caused by the x-ray beam are 
responsible for photoreduction. 
Photo-oxidation was observed by Huggins and Sanei (2011) when they analysed Se-bearing 
fly ash. Se K-edge XANES spectra were noted to change continuously over an exposure period 
of 120 minutes, with an estimated 15-20% of total selenite oxidised to selenate. In contrast. As 
fC-edge spectra were unchanged. 
2. Background 
3. XANES investigation of Se in anhydrous 
silicate glasses 
3.1. Introduction 
The behavior of trace elements (elements present in sufficiently low abundance that they do 
not form a defining structural component of major rock-forming minerals), is governed by two 
factors: 
(1) the identity of the element, defined by the number of protons in the nucleus; 
(2) the valence state of the element, which is a function of the number of valence electrons. 
The number of valence electrons controls chemical behavior. In order to predict the geo-
chemical behavior of a specific trace element, the most fundamental information neces-
sary is the valence state of the element under the conditions (/Q^, P, T, bulk composition) 
of interest. 
As detailed in Chapter 1, selenium abundances in quenched seafloor glasses may be useful as a 
proxy for the behaviour of sulfur in glasses that have subsequently lost S during low pressure 
degassing (Jenner et al., 2010). Jenner et al. (2010) suggest that differences in the degassing 
behaviour of sulfur and selenium may be related to differences in speciation. However, before 
any definitive statements can be made regarding the behaviour of selenium, it is necessary 
to determine the valence state of selenium in silicate melts as a function of/o., . This chapter 
reports experiments that determine the speciation of selenium in anhydrous silicate glasses 
synthesised under conditions of controlled P, T and/Q^. 
3. XANES investigation of Sc in anhydrous silicate glasses 
3.1.1. Previous work 
There are no extant studies of the solubility or speciation of selenium in silicate glasses of 
geologically relevant composition. This is unsurprising as, until recently, routine analytical 
techniques were not sufficiently sensitive to quantify selenium in natural glasses, and conse-
quently the dataset of Se contents is small {e.g. Hertogen et al., 1980; Hamlyn et al., 1985; Peach 
et al., 1990). With a small dataset, it is difficult to generate hypotheses regarding the behavior 
of selenium (other than it behaves similar to sulfur), providing little motivation for experi-
mentalists to investigate selenium. Fortunately, disciplines other than geochemistry require 
knowledge of selenium, resulting in several studies that provide background information on 
the speciation of selenium in silicate melts of varying composition. 
Glassmaking 
Selenium is employed by the glassmaking industry as a fining agent, a decolourant {i.e. an el-
ement added to a batch to suppress unwanted colouration from the presence of elements such 
as Fe; Weyl, 1959; Bamford, 1977), and as a colourant, to produce so-called selenium rose and 
selenium black glasses (Pavlish and Austin, 1947). However, the use of selenium is challeng-
ing, and the glassmaking community acknowledge the difficulty in achieving reproducible 
and consistent results (Rawson, 1980). 
Equilibrium between melt and gas is frequently sluggish in industrial scale melting of glass 
batches (Mysen and Richet, 2005). Thus, on the industrial scale, the redox state of the sys-
tem is frequently determined by the starting materials (batch components and fining materi-
als), pressure and temperature. Many laboratory studies in the glass literature control redox 
state solely via the starting material, and as a result investigate imprecisely defined redox con-
ditions. Laboratory scale investigations where /Q^ is controlled via an imposed atmosphere 
frequently employ a large mass of silicate liquid (10s to 100s of grams) that is unlikely to com-
pletely equilibrate with the atmosphere on the timescale of the experiment (Miiller-Simon 
et al., 2001). Whilst these compromises are acceptable when simulating an industrial process, 
they become troublesome when trying to interpret the role of thermochemical variables on 
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redox speciation in glasses as a proxy for speciation in the silicate liquid. 
An ongoing theme in the glassmaking literature is the characterisation and minimisation of 
selenium volatilisation during melting, both on the laboratory and industrial scale (Krak, 1929; 
Shively and Weyl, 1947; Riissel, 2000; Muller-Simon et al., 2001; Shelestak and Arbab, 2005). 
Volatihsation of selenium means silicate liquids are not at chemical or redox equilibrium due 
to constant loss of selenium from the melt. 
A final caution is that glassmaking studies are concerned with speciation of selenium in the 
glass, which is usually annealed (300-650 °C) after initial quenching from liquidus temperature 
to relieve stress in the glass, or induce colour change. Significantly, selenium-bearing glasses 
typically change colour after annealing (Paul, 1973,1975). The colour change may, or may not, 
be reversible (Paul, 1975). The results of investigations involving annealed glass are unlikely 
to be indicative of selenium speciation in the melt, but rather indicative of the speciation of Se 
in phases formed during annealing. 
The addition of selenium to glass produces a pink colouration under certain redox condi-
tions. The pink colour is complimentary to the blue colour of iron, permitting selenium to 
be used as a decolourant (Bamford, 1977; Weyl, 1959; Paul, 1973, 1975). The mechanism pro-
ducing the pink colouration, as with most selenium-related colouration, is unclear and there 
are several competing explanations in the literature (Bamford, 1977; Volf, 1984), though Paul 
(1975) conclusively demonstrated the formation of 50-250 nm spherical particles of native se-
lenium following annealing, and suggests the pink colour is due to Mie scattering. 
Semiconductor-doped glasses 
Alkali-borosilicate glasses containing nanometer scale particles of sulfide, selenide or sulfide-
selenide solid solution (semiconductor-doped glass, SDG) are employed as optical colour fil-
ters and glasses for telecommunications (optical fibre) applications. The semiconductor parti-
cles, so-called 'quantum-dots' or SNCs (semiconductor nanocrystals) impart sub-picosecond 
nonlinear optical behaviour, attractive for high frequency optical switching applications (Liu 
and Risbud, 1990). Effort has thus been applied to understanding the effect of heat treatment 
on the precipitation and growth of quantum-dots. Liu and Risbud (1990) describe the prepa-
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ration of KjO-CaO-BaO-BjOj-SiO, ± CdS + CdSe glasses. Glasses quenched from 1400 °C 
are clear, but heat treatment between 577 and 735 °C results in the nucleation and growth of 
Cd(S,Se) nanocrystals and the development of colour ('striking'). Su et al. (1996) investigated 
SDGs via Raman spectroscopy and conclusively identified the presence of Se2 molecules in the 
glass. Lipovskii et al. (2008) synthesised NajO-KzO-CaO-ZnO-BzOj-SiO, glasses doped with 
elemental selenium and varying amounts of CaS04 and KNO3 to investigate the effect of re-
dox on selenium colour centers via optical spectroscopy. Neutral Se2 and negatively charged 
SeJ and Se j were identified in oxidant-free and 0.25 wt. % CaS04 glasses, but disappeared in 
more oxidised glasses; prolonged annealing at 720 °C did not induce changes in the optical ab-
sorption spectra, suggesting that the colour centers are thermally stable. Azhniuk et al. (2009) 
investigated the effect of thermal treatment on the formation of Cd(S,Se) SNCs in Na20-K20-
8203-5102 glasses. The authors identified molecular Se2 'clusters' by raman spectroscopy, in 
addition to Cd(S,Se) SNCs, but were unable to estimate concentrations. 
Direct application of results from the SDG literature to selenium solubility and speciation 
in geologically relevant silicate melts is not straightforward. SDG studies such as those sum-
marised above identify selenium species in the glass and associated SNCs, but do not provide 
a mass balance of selenium species. Thus, whilst species such as Se2 and Se j have been con-
clusively identified, it is not clear whether such species are significant, minor or trace species. 
Se K-edge XANES investigations from the glass literature 
Of relevance to the present work are the studies of Ramos et al. (1992) and Bring et al. (2007) 
who conducted Se K-edge XANES investigations into Se-bearing glasses. 
Ramos et al. (1992) note that the local environment of selenium in semiconductor-doped 
glasses is unconstrained, and were motivated to conduct an XAS study of optical fibre glasses 
prior to heat treatment to characterise the local environment of selenium atoms. Three com-
positions, G19 (K20-Zn0-Si02; 19 wt. % ZnO), G6 (KjO-ZnO-SiOz, 6 wt. % ZnO) and GO, 
(K20-Ca0-Si02) doped with 4000 and 300 ppm Se as Cd(S,Se), respectively, were the subject 
of XANES and EXAFS investigation. Redox conditions of melting are described as 'reducing'. 
XANES spectra from this study are presented in the left column of Figure 3.1. Refinement of 
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Figure 3.1.: LHS: Se K-edge XANES spectra of fibre optic glasses digitised from the paper of 
Ramos et al. (1992). RHS: Se K-edge XANES spectra of soda-lime (73, 74) and 
borosilicate (199a) glasses from the study of Bring et al. (2007). 
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fits to the EXAFS data of glass GO suggest that Se is coordinated by 3 oxygens at a distance of 
1.69 A , in excellent agreement with the fit for Na2Se03 (1.70 A ) , implying that selenium occurs 
as ( S e O j " ) in the ZnO-free glass. Refinements for glass G19 did not produce satisfactory 
results over the entire -range, though the best fit was obtained with zinc atoms in the first 
coordination shell. Ramos et al. (1992) conclude that the presence of selenium coordinated by 
oxygens {i.e selenite groups) explains the difficulty in inducing crystallite formation for glasses 
of GO composition relative to ZnO-bearing glasses where selenium is present as with Zn 
or Cd as a nearest neighbour. 
Bring et al. (2007) conducted a Se K-edge XANES investigation into MoO^-bearing soda-lime 
and borosihcate glasses synthesised in > 5 0 g batches, in equilibrium with air at 1420 °C for 
~ 3 hours. The glass was annealed by cooling from 500 °C to 50 °C over the course of several 
hours. Se was added as native Se (3900 ppm Se) or ZnSe (8500 ppm Se), and carbon was added 
to control redox conditions. Se K-edge XANES spectra from this study are presented in the 
right column of Figure 3.1. Bring et al. (2007) conclude that selenium is present in a reduced 
state, but could not determine the exact oxidation state due to the similarity between the Se 
fC-edge XANES spectra of Se^~ and Se" species. 
Selenium in alkali borosilicate glasses for high-level radioactive waste disposal 
^'Se is a long-lived fission product with a half-life (lO^-lO'' years) sufficiently long that ''^Se 
could become mobile during geologic disposal. As selenium is soluble in H j O as Se^"^ or 
oxyanions, the redox state of Se in HLW (high-level radioactive waste) glasses is of interest. 
Bingham et al. (2011) conducted a Se K-edge XANES investigation into the speciation of se-
lenium in alkali borosilicate glasses intended for HLW immobilisation. Simulated HLW glass 
compositions were doped with - 2 0 0 0 ppm Se as S e O j and melted for ~ 5 hours at 1050 °C 
in air, before quenching and annealing at 490 °C; or melted at 1050 °C for 24 hours under 
flowing H2 or N j gas, before cooling in air. Whilst such methodology results in glasses syn-
thesised at different redox conditions, the /Q^ conditions are constrained only for air-melted 
samples. Furnace atmospheres of H j and N2 do not fix the chemical potential of oxygen via 
homogeneous gas reactions, rather they exclude air from the furnace and react with oxygen 
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in the melt to some unquantified degree, thus the /o , of the experiments is unconstrained. Se 
K-edge XANES spectra from the study of Bingham et al. (2011) are presented in Figure 3.2. 
XAS spectra for the two air-melted glasses were interpreted to represent Se dissolved as 
based on both XANES and EXAFS, though the Fe-bearing glass C (0.5 wt. % FezOj) was noted 
to contain more 'reduced' Se than Fe-free glass B. The glasses melted under H j and N j atmo-
spheres produced spectra that indicate the presence of varying amounts of Se"*"^  and 'reduced' 
(Se°, Se" or Se^") selenium species. The Se K-edge XANES spectra for air-melted Glass A (not 
shown in Figure 3.2) indicated the presence of which the authors suggest was due to 
nitrates in the starting material-further indication for lack of equilibration with the furnace 
atmosphere during melting. 
Schreiber et al. (1988) investigated the speciation of selenium in alkali borosilicate HLW 
glass composition with 2 wt. % native Se. The starting material was melted in Ft capsules 
under atmospheres of CO-COj, O2 or air at 1150 °C, and rapidly quenched. In initial exper-
iments, selenium was observed to have completely vapourised from the melt, necessitating 
a Se volatility time series, reproduced as Figure 3.3. Schreiber et al. (1988) interpreted the 
data to reflect a 'steady state' between vapourisation and selenium speciation in the melt after 
approximately 1 hour. This interpretation may be optimistic. Selenium speciation was deter-
mined by a combination of wet chemistry (Se^~, Se''"'", Se^'^, total Se) and spectrophotometry 
(Se°, polyselenide). Schreiber et al. (1988) suggest that 'elemental' Se was present in glasses 
at all redox conditions, and for many intermediate/Q^ conditions, was the only valence state 
present. Under oxidising conditions Schreiber et al. (1988) suggest that Se^ "*" coexists with both 
Se^+ and Se". The authors note that there was 'considerable variability' in replicate analyses, 
which may be due to difficulties in 'establishing redox equilibria in the presence of selenium 
volatilization from the melt'. Furthermore, the colour introduced by the formation of polyse-
lenides (SeJ~) was inhomogeneously distributed throughout the glass, prompting the authors 
to state that it was difficult to classify polyselenide as an equilibrium, transient or intermediate 
species. The results of Schreiber et al. (1988) are best considered an example of the extreme 
difficulty (perhaps futility) in attempting equilibrium 1 atomsphere experiments involving 
volatile elements without a buffering atmosphere. 
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Figure 3.2.: Se K-edge XANES spectra of alkali borosilicate glasses from the study of Bingham 
et al. (2011). The atmosphere of glass melting is listed in parentheses. 
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Building on the work of Schreiber et al. (1988), Schreiber and Schreiber (1993) investigated 
HLW borosilicate glass doped with poly\'alent elements Ni, V, Fe and U in order to charac-
terise mutual redox reactions between Se and the other elements. Borosilicate glasses were 
synthesised in Pt capsules at 950-1250 °C under CO-COj atmosphere at oxygen fugacities of 
'og/o2 -7-6 (NNO-l-0.7) and log/o^ -11.5 (NNO-3.2). Experiments were limited to 90 minutes 
due to selenium volatility. Similar to the study of Schreiber et al. (1988), there is ample ev-
idence for disequilibrium, such as 60-90% Se loss and inhomogeneous colouring. Schreiber 
and Schreiber (1993) note; 'the spectra of glasses containing the reference composition plus 
CaSe were qualitatively the same regardless of the oxygen fugacity under which the samples 
were synthesised. Even at the oxygen fugacity of atm, where all selenium should be 
present as molecular selenium, selenides and polyselenides were entrapped within the melt 
structure'. Schreiber and Schreiber (1993, p. 214) later state: 'that the selenium redox chemistry 
followed equilibrium relations as shown in fig. 1 was taken as evidence that these steady-state condi-
tions defined in this study approached thermodynamic equilibrium.' The conclusions drawn above 
regarding the study of Schreiber et al. (1988) are equally applicable to Schreiber and Schreiber 
(1993). 
Selenium in metallurgical slags 
Metallurgists are motivated to investigate the partitioning of selenium between slag and cop-
per as selenium is a ubiquitous impurity in sulfide ores, and Se contents of less than 1 ppm 
can have a deleterious effect on the mechanical properties of Cu metal. 
Johnston et al. (2007) investigated the partitioning of selenium and tellurium between cal-
cium ferrite (CaO-PeO-FezOj) slag and Se or Te doped Cu or Ag metal at 1200-1400 °C under a 
range of/o^ conditions defined by a C O / C O 2 atmosphere (NNO-5 to NNO-l-3.5). The results 
of Johnston et al. (2007) are presented as the distribution coefficient for selenium between slag 
and Cu or Ag as a function of/q^ in Figure 3.4. log jg seen to decrease with increas-
ing/o , with a slope of —0.5. This is consistent with a dissolution reaction such as 
SefsTag) + ^ SeOc.^eul, + 0?si.g,- (3-1) 
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Figure 3.3.: Selenium speciation data for an alkali borosilicate glass composition synthesised 
at 1150 °C, 1 bar, in air, reported by Schreiber et al. (1988). Panel (A) presents total 
selenium abundances determined by wet chemistry, panel (B) presents relative 
species abundance. Schreiber et al. (1988) suggest that 'steady state' is reached 
between selenium volatility and selenium speciation after ~ 1 hour. Instead, it 
is suggested that these data reflect the futility of performing selenium speciation 
experiments at 1 atmosphere without at Se species in the gas phase, analogous to 
1 atmosphere sulfur speciation experiments. 
3.2. Experimental Methods 
The slope of log was observed to change from -0.5 to +0.5 at an/o^ of ~NNO+l , 
suggesting a change in tellurium speciation from Te^~ to whereas no change in slope 
was observed for selenium over the/Q, range studied. 
Kojo et al. (1985) investigated the potential of sodium carbonate as a flux for removing sele-
nium from molten copper. The distribution of selenium between molten copper and NajCOs 
slag was investigated as a function of/Q^ at 1200 "C./Q^ was controlled by addition of CujO 
or graphite to the slag. The distribution coefficients for selenium between slag and molten Cu 
determined by Kojo et al. (1985) are presented in Figure 3.4. The dependence of log 
o n / o j is observed to have a slope of ~-0.5 below ~ N N O + l , followed by a change in slope to 
+ 1 at higher/o, values. The + 1 slope at higher/q^ is consistent with a dissolution reaction of 
the form: 
S^slag, + 2 ^ + (3.2) 
Alvear et al. (1994) conducted a similar investigation to Kojo et al. (1985), measuring the 
distribution of Se and Te between sodium carbonate slag and molten copper as a function of 
/02 between 1200 and 1300 °C. Their results are also presented in Figure 3.4, and confirm the 
speciation of Se in the slag as Se^~ for/o^ below ~NNO+2, whereas the change to Se"*"*" is 
present, though less well constrained than the data of Kojo et al. (1985). 
Partitioning data from the metallurgical provides convincing evidence for the speciation of 
selenium as Se^" in both calcium ferrite and sodium carbonate slags over an /Q^ range from 
NNO-5 to NNO+3, an/Q^ range that covers the conditions of terrestrial magmatism. Calcium 
ferrite and sodium carbonate slags represent compositions more basic than silicate melts of 
geological composition. 
3.2. Experimental Methods 
3.2.1. Silicate glass starting materials 
Silicate starting mixes were prepared by mixing analytical and reagent grade oxides and car-
bonates in an agate mortar and pestle under acetone, followed by pelletising and calcining at 
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Figure 3.4.: Distribution coefficients as a function of fc,^ for Se partitioning between copper 
metal and sodium carbonate slag (Kojo et al., 1985; Alvear et al., 1994) and copper 
metal or silver metal and calcium ferrite slag (Johnston et al., 2007). Data points 
have been fit with a function of the form D = a.fQ^ + by nonlinear least 
squares regression; obviously there is no constraint on the high /q^ limb of the 
Johnston et al. (2007) data, though it is present in their tellurium data. The nega-
tive 0.5 slope on the low /q^ side implies Se dissolves into slag as Se^~, whilst the 
positive slope of 1 on the the high/g^ side implies Se in the slag is Se^"*". There is 
no evidence for selenium solubility as Se" in sodium carbonate slags. 
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NCMASTi NCMASTlFe CMAS CMASFe MAS2 pDac jRhy fRhy aRhy 
Na.O 2.50 2.08 - - - 4.30 4.20 3.81 3.78 
MgO 11.00 9.17 11.00 10.00 25.30 1.20 0.80 0.68 0.41 
AI2O3 21.00 17.50 15.00 13.64 22.70 16.80 16.20 15.57 14.07 
Si02 53.00 44.17 50.00 45.45 52.00 67.50 71.50 71.37 75.33 
P205 - - - - - 0.60 0.20 0.27 0.16 
K20 - - - - - 2.70 4.50 3.13 4.77 
CaO 11.00 9.17 24.00 21.82 - 3.50 2.20 2.49 1.11 
Ti02 1.50 1.25 - - - 0.80 0.40 0.43 0.35 
MnO - - - - - - 0.12 0.03 
FeO - 16.67 - 9.09 - 2.60 - 2.14 -
sum 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 
Table 3.1.: Nominal starting compositions for anhydrous XANES experiments. Intermediate 
NCMASTi+FeO mixes were obtained by combining the NCMASTi and NCMAS-
TiFe mixes. 
1100 °C in air for 12-24 hours. Ferrous iron was added to relevant compositions after calcin-
ing, either as wustite or fayalite. Wiistite and fayalite were synthesised by reacting Fe203 or 
FezOs -I- S i O j under flowing 70% CO; 30% CO at 1300 °C for 48 hours with regrinding after 
24 hours. Nominal compositions of the mixes and the names used to identify them are pre-
sented in Table 3.1. Calcined oxide mixes + FeO were doped with selenium added as reagent 
FeSe, SeO; or Na2Se04 and mixed under acetone in an agate mortar and pestle. Se contents 
were 2000-3000 ppm Se for mixes to be run under oxidising conditions, and lower for compo-
sitions to be run in equilibrium with graphite, using experimental results from Chapter 5, or 
literature data on SCSS as a guide. 
3.2.2. /o^ control 
Experiments representing reduced/q^ conditions were conducted in welded, graphite-lined 
0 3.5 mm Pt capsules loaded with 10-25 mg of starting material. Graphite capsules do not 
uniquely define /o^ unless pure CO2 vapour, or a vapour phase of known composition is 
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present. Initial attempts at experiments with a layer of MgC03 + S iOj loaded beneath the 
graphite liner proved unsuccessful as selenium partitioned strongly into the vapour phase 
and attacked the Pt outer capsule causing it to melt via the formation Pt-Se-Fe liquid and plat-
inum selenides. In the absence of a CO2 vapour phase of known composition, the graphite 
liner will impose an /Q^ below that defined by the graphite-CO-COo (CCO) equilibrium (Ul-
mer and Luth, 1991; Jakobsson and Oskarsson, 1994), though in practice it is unlikely to be 
far below CCO, as air trapped in the capsule during loading reacts with graphite to produce 
CO2, which dissolves in the silicate liquid. The/Q^ is proportional to the CO2 dissolved in the 
silicate glass until CO2 saturation in achieved, whereby it is fixed at CCO. The only situation 
permitting/o, higher than CCO is consumption of all graphite to form CO2. Medard et al. 
(2008) determined the/Q, in their graphite-lined Pt capsules to be approximately 0.7 log units 
below graphite-COz (log/o^ -7.46, or NNO-2.52; Campbell et al., 2009) at 1.5 GPa, 1360 °C, 
via the composition of Fe-Pt alloy phases formed in equilibrium with an FeO-bearing basaltic 
melt. Similar oxygen fugacities are expected in the present experiments. Though the/o, is not 
uniquely defined, it is sufficiently well constrained that experiments in graphite-lined capsules 
are representative of conditions of the most reduced/Q^ indicated by abyssal spinel peridotites, 
inferred to be the residues from MORB genesis (Frost and McCammon, 2008). 
Experiments representing geologically oxidised conditions were conducted in welded 0 2.7 
mm Pt capsules, loaded with 15-30 mg starting mix plus the addition of ~50 wt. % of a 
solid buffer assemblage of Ru-RuOj. At 1400 °C, 1.5 GPa, RU-RUOt represents a log/o^ of 
-0.22 (O'Neill and Nell, 1997) which is equivalent to NNO-l-5.1 using the Ni-NiO calibration 
of Campbell et al. (2009). In a few experiments, only ruthenium oxide was added, though 
Ru metal grains were identified in all run products. As the intrinsic/Q^ of the RSES piston 
cylinder assembly has been consistently demonstrated to be ~Ni-NiO, (Hermann, 2013; Hib-
berson, 2003) and thus - 5 . 1 log units below the Ru-Ru02 buffer, diffusion of ambient H2 from 
the piston cylinder assembly will ensure reduction of some RUO2 to form Ru metal -1- H2O. 
The formation of a Pt-Ru alloy results in HRU < 1, which subsequently results in a/O^ less than 
that defined by the pure Ru-RuOz buffer (c/. Taylor et al., 1992). 
In an effort to produce extremely oxidising conditions, experiments were conducted in welded 
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0 2.7 mm Pt capsules loaded with layers of PtOj ( - 5 0 wt. %) above and below the silicate glass. 
Platinum oxide does not produce an assemblage of mineral phases that constrain the chemical 
potential of oxygen at the run conditions of the experiments, instead PtOj decomposes to pro-
duce Pt metal and an O2 atmosphere that is approximated here as pure O2 gas with pressure 
equal to confining pressure (1.5 GPa). Using the equation of state for O2 gas of Belonoshko 
and Saxena (1992), implemented by Bakker (2003) as the Loner2 3 program of the FLUIDS 
package, 1.5 GPa of oxygen pressure at 1400 °C returns a log/o^ of 5.16, which is equivalent 
to NNO+10.5 (Campbell et al„ 2009) at 1.5 GPa. 
Numerous attempts were made to conduct experiments using the Re-Re02 solid buffer as-
semblage, as t h e / o j imposed at 1.5 GPa, 1400 °C is NNO-l-1.6, appropriate for representing a 
moderately oxidised terrestrial magma. Unfortunately, the Re-Re02 buffer assemblage seems 
unstable at 1400 °C, 1.5 GPa. Textures from Re-Re02 experiments (Figure 3.5) indicate the for-
mation of a volatile phase, presumably Re-rich, as the layers of Re and ReOz were no longer 
present, and mass balance calculations indicate that the Re budget is not satisfied by the Re 
content of the glass. When glasses from Re-ReOT experiments were analysed for Se via laser 
ablation ICP-MS, only very low (6-200 ppm) Se contents were observed, suggesting Se par-
titioned into the Re-rich vapour phase. Similar experiences with the Re-Re02 buffer at 1400 
°C has have been reported by Metrich et al. (2009) and Mallmann (2009). This is a regrettable 
situation, as the Re-Re02 buffer represents an excellent analogue for the/o^ conditions of arc 
magmas. 
3.2.3. High pressure methodology 
Experiments were conducted in an end-loaded piston cylinder apparatus using a 12.7 mm 
NaCl-Pyrex-MgO assembly with a graphite heater. This assembly is considered to be friction-
less under the present experimental conditions. Temperature was controlled via a Eurotherm 
PID controller that monitored temperature via a Type B (Pt7oRh3o-Pt94Rh5) thermocouple in-
sulated in 2-bore mullite tubing with a 10 mm tip of high purity AI2O3 tubing in the hottest 
portion of the assembly. No correction for the effect of pressure on EMF was applied. A 0.5 
mm thick disc of MgO separated the thermocouple bead from the Pt capsule. Temperatures 
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Figure 3.5.: Backscattered electron image of failed Re-Re02 buffered experiment (JLW114). 
This capsule was loaded with NCMASTiFe + 1000 ppm Se as Na2Se03 and ~50 
wt. % Re-Re02 as layers at the top and bottom of the capsule. At the end of the 
experiment the glass contained - 4 . 1 wt. % ReOj and ~6 ppm Se; no Re phases are 
visible. Textures indicate the presence of a significant volume of vapour. Similar 
difficulties have been encountered by other studies in this laboratory when em-
ploying Re-ReOj at high temperatures (>1300 °C; e.g. Metrich et al., 2009; Mall-
mann, 2009). The author apologises for their inattention to sample cleanliness. 
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reported here are thermocouple temperatures; actual temperature experienced by the sample 
is likely to be 10-25 °C higher because of the temperature gradients inherent in solid media 
assemblies. Experiments were conducted at 1.5 GPa and 1400 except for those involving 
the MAS2 composition, which required 1500 °C to be superliquidus; durations were between 
6 and 36 hours, as detailed in Table 3.4. 
After each experiment, capsules were extracted from the sample assembly and cast under 
vacuum in Struers Epofix epoxy resin. Glass was exposed by manually grinding the mount 
on SiC abrasive paper, or sectioning the epoxy mount with a diamond saw, followed by im-
pregnation with epoxy resin under vacuum to prevent plucking during polishing. Samples 
were further ground on abrasive paper to re-expose the glass, before polishing on cloth laps 
with 6, 3 , 1 and '/•• diamond paste. 
3.2.4. Model compound synthesis 
Selenide (FeSe, FeSe2, CujSe, NiSe and MnSe) reference samples were synthesised from the 
elements via the evacuated silica tube technique (Kullerud, 1971; Moh and Taylor, 1971). Metal 
powder and native selenium were placed in silica glass tubes along with a small coil of Ti metal 
foil, separated from the sample via silica wool to act as an oxygen getter. Tubes were welded 
shut under vacuum with a Hj -Ot torch, before heating stepwise to 700-750 °C in a box furnace 
over the course of 4-5 days to avoid high selenium vapour pressures that induce tube failure. 
Tubes were held at that temperature for 10-12 days, before being extracted from the furnace 
and cooled in air. Reagent calcium and iron selenide powder was fired at 500 °C for 24 hours 
utilising the method described above to improve crystallinity. 
Barium selenate (BaSe04) was synthesised by combining solutions of Ba(N03)2 and H2Se03 
dissolved in 30% H2O2 in stoichiometric proportions. The resulting precipitate was filtered 
and washed with distilled water. Reagent and analytical grade Na2Se04, Na2Se03, Se02, 
H2Se03 were obtained as powders from commercial suppliers. All model compounds were 
transported to the beam line sealed in silica tubes (selenides), or in vials surrounded with silica 
gel desiccant. The identity of all synthesised model compounds was confirmed by powder 
XRD and/or EDS analysis. 
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3.3. Analytical methods 
3.3.1. EMPA and LA-ICP-MS 
The major element composition of glass samples was determined via WDS using a Cameca 
SXlOO electron microprobe located at the Research School of Earth Sciences, Australian Na-
tional University. Analysis conditions consisted of 15 kV accelerating voltage, 40 nA beam 
current and 15 jtm beam diameter. The standards and crystals used were anorthoclase (Na, 
TAP; K, LPET), K412 glass (Al, TAP; Mg, TAP; Si, PET; Ca, PET; Fe, LLIF), rutile (Ti, LPET), 
scapolite (CI, PET). Peak counting times were 80 seconds for Fe and 25 seconds for all other 
elements. Background counting time was half the peak counting time. Data were reduced 
using the <^pz correction method, implemented in the Cameca Peak Sight software. 
Selenium and other trace element contents of the glasses were determined via LA-ICP-MS. 
The LA-ICP-MS system consisted of an A N U HelEX laser ablation cell and sampling system 
utilising a 193 nm ArF excimer laser (Lambda Physik COMPex) feeding an Agilent 7700SICP-
MS (RF power = 1350 W; ablation cell gas flow = 0.3 L m i n " ' He -i- 0.02 L m i n " ! H j ; auxiliary 
gas flow = 1.0 L m i n " ' Ar), located at the Research School of Earth Sciences, Australian Na-
tional University. Data acquisition involved a 20 second background measurement followed 
by 45 seconds of ablation, employing an 81 |im diameter laser spot, 5 Hz repetition rate and 
50-55 mj fluence. Se was monitored by counting on masses 77 and 82 (corresponding to ^^Se 
and ®^Se), for which there are only minor isobaric interferences (Jermer et al., 2009), and will be 
overwhelmed by the high Se concentrations of the analysed glasses. Samples were analysed 
by bracketing every 9 unknowns with analyses of N1ST610 and BCR2G reference glasses; the 
Se content for NIST610 of 1 1 2 + 2 ppm, determined by Jenner et al. (2009) was employed for 
quantification; all other values for NIST610 were obtained from Jochum et al. (2011). Calcium 
abundances determined by electron microprobe analysis were used as the internal standard, 
except for the MAS2 composition where silicon was used as MAS2 is nominally Ca-free. Each 
glass was analysed at least 3 times, and the Se contents reported in Table 3.4 are the mean of 
the mass 77 and 82 quantificaHons, weighted by the relative isotopic abundances of the respec-
tive isotopes. LA-ICP-MS data reduction was conducted using the lolite package of Paton 
3.3. Analytical methods 
et al. (2011). 
3.3.2. X-Ray Absorption Spectroscopy 
Se iC-edge XANES spectra were collected in two sessions at the Australian National Beamline 
Facility, (Beamline 20B) a bending magnet beamline at the 2nd generation, 2.5 GeV Photon Fac-
tory at KEK, Tsukuba, Japan (Garrett et al., 1995). The ANBF beamline at the Photon Factory 
provides a relatively low flux density (relative to focussed beams at 3rd generation sources) of 
5.0 X 10'' photons-second"^-mm-^ at 10 keV (2 x 10 mm aperture; George et al., 2012). 
The incident photon energy was selected using a water-cooled Si (111) channel cut crystal 
monochromator. During the second analytical session, the monochromator was not detuned 
to reject higher order harmonics due to a malfunctioning piezo-electric detuner. Inspection 
of tabulated absorption edges for elements present in the samples (Ravel and Newville, 2005) 
suggests that ruthenium and platinum in relevant samples will contribute increased fluores-
cence to the background as they will be excited by higher order harmonics of the incident 
beam. 
Se K-edge spectra of experimental samples were recorded in fluorescence mode using a 36-
element Canberra-Eurisys monolithic planar Ge array fluorescence detector equipped with 
XIA digital signal processing electronics (Foran et al., 2007; Warburton et al., 1999). Care was 
taken to ensure that the maximum incoming count rate was within the linear response range 
of the detector, typically by altering the distance between the detector and the sample, failure 
to do so resulted in distorted spectra (Figure 3.6). Fluorescence counts were normalised to the 
incident beam flux measured by an ionisation chamber (300 mm path length; 85% N, 15% Ar) 
upstream of the sample. 
The beam size was defined by a slit assembly 13 metres downstream of the source. Spectra 
were collected employing several slit configurations detailed in Table 3.2. The experimental 
energy resolution (energy bandpass) is defined by the Darwin width of the monochromator 
crystal at the energy of interest (Darwin, 1914) and the angular divergence of the beam, which 
is a function of the vertical slit width and the distance between the source and slit assembly. 
The spectral resolution also includes the Se JC-level core-hole width of 2.33 eV (Krause and 
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Figure 3.6.: Example of non-linearity in the fluorescence detector producing a distorted 
XANES spectrum when deadtime (defined as outgoing count rate/incoming 
count rate) is S 0.75. Uncorrected fluorescence is plotted as the solid line, whilst 
deadtime is plotted as the broken line, with the scale at the RHS. 
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0.3 3.48 4.19 3021 
1.0 7.79 8.13 1557 
2.0 13.95 14.14 895 
Table 3.2.: Summary of energy bandpass and spectral resolution at the ANBF for the Se iC-edge 
(12658 eV; 2.33 eV core-hole width). 
Oliver, 1979). Energy bandpass and spectral resolution are summarised in Table 3.2, and the 
effect of spectral resolution on the shape of a XANES spectrum is illustrated in Figure 3.7. 
Silicate glass samples were presented to the beam as sectioned glass-containing capsules cast 
in 25 mm diameter epoxy discs of 8 mm thickness. All non-glass regions of the sample (i.e. 
layers of buffer phases. Ft capsule walls) were masked with adhesive Pb foil tape. Epoxy discs 
were mounted at 45° to the incident beam. During the first session, the analytical strategy 
involved setting the beam size to maximise counts, thus it was set as large as possible without 
intersecting mask material {e.g. 1 x 1 mm or 2 x 2 mm). In this configuration, the beam was 
completely attenuated by the sample, preventing simultaneous collection of a Se reference foil 
transmission spectrum between two ion chambers downstream of the sample. Furthermore, 
setting the vertical slit to maximise counts has a detrimental effect on energy resolution (Figure 
3.7). Thus, for the second session of data collection, the vertical beam slit was set to 0.3 mm 
and the horizontal beam slit was widened to 5 mm, whereby sufficient photons could pass 
through the epoxy disc on either side of the sample/Pb foil masked area, albeit at the cost 
of increased counts seen by the fluorescence detector via scattering and fluorescence of the 
masking material {e.g. Pb L-lines). As long as the fraction of the flux measured at IQ that is 
incident on the sample remains constant throughout a scan, this 'letterbox' arrangement is 
valid for fluorescence mode measurement. The absorption length of ethylene oxide with 1 
atomic percent CI and a density of 1.2 g/cm^, employed in calculations as an analogue for 
epoxy resin, is 4.3 mm at 12658 eV. The Se content of Epofix epoxy resin was below detection 
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Figure 3.7.: Effect of spectral resolution on Se K-edge XANES spectra. CMAS + Pt02 sam-
ple (JLW148) was measured at the three vertical slit widths/spectral resolutions 
employed in this study. Note how the asymmetry of the edge crest peak is dimin-
ished, edge crest intensity decreases, EQ moves to lower energy and post edge crest 
detail is lost with decreasing spectral resolution. 
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compound density absorption length 
formula g • cnr^ fim 
CaSe 3.8 21.6 
Fe(i_;, ,Se 6.7 11.4 
NiSe 7.2 10.0 
C u j S e 6.84 11.0 
FeSez 7.14 9.9 
Se 4.79 13.1 
SeOz 3.95 22.2 
H j S e O j 3.0 33.9 
NazSeOj 3.1 42.8 
Na2Se04 3.1 46.6 
BaSe04 4.75 22.4 
Table 3.3.: Absorption length at 12,658 eV for model compounds investigated in this study, 
calculated using Hephaestus (Ravel and Newville, 2005) with density data from 
Lide (2008). 
when analysed by LA-ICP-MS. All samples were analysed at room temperature. 
Model compounds were diluted by dry grinding with microcrystalline cellulose powder in 
an agate mortar and pestle to produce Se contents of approximately 2000 ppm Se, chosen to 
provide count rates similar to the glass samples. The cellulose-model compound mixture was 
pressed into 13 mm pellets using a tool steel die and hydraulic press. Pellets were presented 
to the beam held in a PMMA (acrylic) sample holder by kapton tape; model compounds were 
measured simultaneously in transmission and fluorescence mode. Examination of the ab-
sorption lengths for the model compounds at 12658 eV (Table 3.3) indicates it is unlikely that 
the particle size necessary to completely avoid self-absorption was present in the samples, as 
particle sizes considerably smaller than one absorption length (10-30 }tm diameter) are diffi-
cult to produce by grinding with a mortar and pestle. For this reason, model compounds are 
presented herein as transmission data. 
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Spectra were recorded between ~12440 and ~13250 eV. The useful higher energy was limited 
by the presence of the Pb Lj-edge at 13035 eV (present in Pb-foil masked samples; Figure 
3.8B) and the Pt L2-edge at 13273 eV (in PtOz-bearing glasses, and other samples where the Pt 
capsule was incompletely masked; Figure 3.8A). Spectra were recorded over several different 
energy ranges and step sizes. The pre-edge region was recorded from 12440 eV to either 12630, 
12640 or 12645 eV in 10 eV steps. The edge region was collected from 12630,12640 or 12645 eV 
to 12700 eV. The edge region step size was 0.5 eV for spectra recorded during the first session 
and 0.25 eV for the second session. The pre-edge count time was 2 s; the edge count time was 
either 2, 3 or 6 seconds. In the post-edge region the step size was 0.25, 0.1 or 0.05 in k space, 
with a counting time of 2 seconds. The relationship between k, the relative wave number of 
the photo-electron ejected during the absorption process, and incident energy, £, is given by 
k = ^ " " " ( £ - £ 0 ) (3.3) 
where m^ is the mass of an electron, E is the incident energy. Eg is the edge energy and ft is the 
reduced Planck constant. Multiple spectra were collected for a selection of samples to improve 
the signal to noise ratio and examine reproducibility. A detailed summary of the number of 
scans, mask material, beam size, energy regions, step sizes, counting times and presence of a 
reference foil is provided in Appendix C. 
The incident energy was calibrated by defining the energy of the maximum of the first 
derivative of the beamline's Se foil standard as 12658.0 eV. The foil spectrum was recorded 
downstream of the sample between two ionisation chambers (50 mm path length; Ar). A ref-
erence spectrum was recorded with all samples analysed during the second analysis session 
(Figure 3.9). During the first analysis session a Se reference foil was measured periodically 
though out the session, and simultaneously with all model compounds. 
XANES processing and analysis 
Beamline data were loaded into a relational database and spectra were corrected for dead-
time, normalised to IQ and averaged across the 36 detector channels. Entire scans from indi-
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Figure 3.8.: Egregious examples of contamination of Se K-edge XANES spectra by (A) Pt L2 
and (B) Pb L3 absorption edges. 
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vidual detector channels that contained data points with dead time greater than 30% were 
omitted from further analysis, due to extreme non-linearity of detector response outside this 
range. Analyses involving multiple scans were imported into the Athena package (Ravel and 
Newville, 2005), calibrated and aligned using the smoothed first derivative of the Se-reference 
foil spectra and then averaged, weighting by noise in ;c(k). Almost all samples from the first 
analysis session were re-examined in the second session at higher spectral resolution, and 
wherever possible, high resolution data is presented herein. Lamentably, several model com-
pounds (CaSe, MnSe, H2Se03 and SeOj) were amongst those not measured before the second 
session was terminated prematurely due to an earthquake. 
Two methods for aligning and calibrating the energy of the data set were investigated dur-
ing this study: the auto-align function of the Athena package; picking the maximum of the 
first derivative from spectra smoothed using a Savitzky-Golay filter (7, 11, 15, 17, 19 and 21 
point windows and lst-7th order polynomials were all examined). The method ultimately 
chosen involved selecting a single Se-foil spectrum to be the 'reference' spectrum, assigning 
the peak of the 1st derivative of that spectrum to be 12658.0 eV, and aligning the Se reference 
foil of all other scans to that scan using the Athena auto-align function. The superiority of 
the auto-align function is unsurprising, as it involves aligning an entire curve, as opposed to 
using a single datapoint for the calibration. The performance of the ANBF monochromator 
can be assessed by plotting the energy shift (difference between the measured energy of the 
maximum of the first derivative of a Se reference foil and 12658.0 eV) against time, as shown 
in Figure 3.9. Simultaneous collection of reference spectrum is clearly a necessity with water-
cooled monochromators, and the frequency of reference foil collection during the first session 
(~daily) is clearly inadequate. 
Background removal and edge step normalisation was conducted using the Matlab-based 
MBACK routine of Weng et al. (2005). MBACK normalises x-ray absorption data to the mass ab-
sorption coefficients tabulated by McMaster et al. (1969). At least 20 variations of edge window 
and polynomial order were investigated, before settling on a 1st order polynomial fit over a 
pre-edge region between 12550 eV and 10-20 eV below the inflection, and a post-edge region 
between 12695 eV and as high an energy as practical, whilst avoiding any Pb or Ft L-edges (if 
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Figure 3.9.: Performance of the ANBF monochromator during the second analysis session. En-
ergy shift is the difference between the measured EQ of a Se reference foil and the 
tabulated Eg of native Se. 
present). 
Linear combination fitting was conducted using scripts written in the R programming lan-
guage involving the inbuilt nls non-linear least squares function. Binary linear combination 
fits (i.e. X X spectrum 1 -I- (1 - x spectrum 2; 0<a-<1) to every glass were conducted using 
model compound spectra and selected glass spectra, as described below. 
3.4. Results and Discussion 
3.4.1. Synthetic silicate glass samples 
Silicate glasses synthesised in equilibrium with graphite or Ru-Ru02 were vesicle and crystal 
free, apart from buffer material, unless described otherwise below. Glasses to which Pt02 was 
added contained large vesicles, indicative of the presence of O2 gas, as well as crystals of native 
Ft. Fe-free Ru-Ru02 and Ft02 samples (termed 'oxidised glasses' herein) were transparent or 
pale yellow, such that the interior surface of the Ft capsule was visible though the glass when 
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viewed with a binocular microscope. Oxidised glasses with low FeO contents were semi-
transparent amber. Major element (EPMA) and Se (LA-ICP-MS) contents of silicate glasses are 
presented in Table 3.4. Silicate melt structural parameters N B O / T (Mysen and Richet, 2005) 
and theoretical optical basicity (A,;, Duffy, 1993,1996), calculated using the methods outlined 
by Mills (1993) are also included in Table 3.4. N B O / T is calculated assuming all ferric iron is 
in tetrahedral coordination (Mysen and Richet, 2005; Giuh et al., 2011). 
Backscattered electron (BSE) imaging and EDS analysis revealed graphite-equilibrated sam-
ple JLW205 (pDac composition) to be saturated with rounded blebs of (quenched) Fe-selenide 
liquid (Figure 3.11). This is to be expected as the mix used for JLW205 contained ~3000 ppm 
Se, and the SeCSeS relationships determined in Chapter 5 would suggest that SeCSeS should 
be significantly lower for this composition (2.5 wt. % FeO). In contrast, 3000 ppm Se was 
added to graphite-equilibrated experiment JLW206 (jRhy composition), but the glass exhibits 
no evidence for selenide saturation, consistent with the high SeCSeS expected for FeO-free 
compositions. 
Some Ru-RuOj and PtOj glasses contained significant chlorine contamination, as high as 
2.61 weight percent in sample JLW189. Detailed EPMA wavescans revealed the CI peak is 
real, and not phantom CI due to an overlap with a nearby Ru L-line. A possible source for the 
contamination is R u 0 2 / P t 0 2 , as pyrolysis of PGE chlorides is a typical synthesis mechanism 
for PGE oxides. Furthermore, CI contamination is absent from graphite-equilibrated samples 
that used the same oxide-Hselenium base mix as Ru-RuOj and Pt02 experiments. Whilst it is 
unsatisfying that the composition of the present experiments were not completely controlled, 
the presence of CI, even in low weight percent levels, is unlikely to significantly alter the con-
clusions drawn from the present study. 
Shown in Figure 3.10 are a selection of time-resolved LA-ICP-MS analyses for a selection of 
samples. Such plots permitted identification of Se containing 'nuggets' that were not identi-
fied during reflected light imaging {c.f. JLW205). The panel depicting the analysis of sample 
JLW205 represents a sample with demonstrated FeSe blebs, whilst JLW260 and JLW133 are 
other graphite-equilibrated sample with evidence of nuggets. Sample JLW206 is plotted to 
demonstrate the complete absence of nuggets, despite its high Se content. 
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In nugget containing samples, spikes in intensity of signals for masses 78 and 82 (^"Se and 
''^Se) were always associated with spikes in intensity for masses of Pt (194, 195) and Ru (99, 
101) isotopes, indicating that nuggets effectively sequestered trace PGE from the silicate liquid. 
Sample JLW202 (jRhy, R u O j l R u ) contained very minor ruthenium selenide, visible as <10 
jim grains (Figure 3.11), and present in the time-resolved LA-ICP-MS analysis. BSE imaging 
of the RuSez grains from experiment JLW202 (Figure 3.11) indicate that RuSej was present 
as a crystal during the experiment, and is in equilibrium with RuOj an Ru metal. Thus,/oj 
/sg^  conditions were constrained by the Ru-RuOj-RuSej assemblage. LA-ICP-MS analyses 
indicate that the solubility of Se in melt of jRhy composition at Ru-RuOz-RuSej is about 830 
ppm. 
Comparison between Se contents in glasses from Ru-Ru02 and PtOi experiments and Se 
added to the starting material indicates that the Ru-Ru02 and Pt02 runs are variably Se-
depleted. This is plausibly due to alloying of Se with Ru metal in the buffer assemblage or 
the Pt capsule. LA-ICP-MS analysis of PGE metal phases was not conducted out of respect 
for colleagues who use the ICP to analyse PGE in trace abundances. Fortunately, the presence 
of an/o^ buffering assemblage (RU-RUO2) or an O2 gas phase means that Se loss via alloying 
with metal will not alter the/o^ of the experiment, only the abundance of buffering phases 
and the Se content of the glass. The varying levels of depletion probably reflect the influence 
of melt composition on mdt/PGE metal 
The panels in Figure 3.10 for JLW187 (CMAS, Ru02±Ru), JLW191 (NCMASTi, RuOjtRu) , 
JLW135 (NCMASTi, Pt02) and JLW148 (CMAS, Pt02) are examples of nugget-free oxidised 
glass analyses. Note the intensity of Pt and Ru signal relative to nugget-free graphite-equilibrated 
samples (JLW131, NCMASTi; JLW147, MAS2; JLW258, aRhy; JLW206, jRhy). 
3.4.2. Se K-edge X A N E S 
Model compounds 
Se K-edge XANES spectra of model compounds are presented in Figures 3.13 and 3.14. The 
edge (£0) energies of the model compounds are compared with those of Lenz et al. (2008) in 
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Figure 3.10.: Time resolved LA-ICP-MS intensity for selected samples. Analyses in four of the 
upper six panels GLW205, JLW260, JLW133, JLW202) exhibit clear evidence of 
nuggets, characterised by spikes in intensity of Se masses, typically coincident 
with increased PGE intensity. Sample JLW206, despite containing - 3 0 0 0 ppm Se 
shows no sign of nuggets. The lower six panels present LA-ICP-MS analyses of 
samples without nuggets. 












Figure 3.11.: Backscattered electron images and EDS spectra for selenide phases in glass. Lo-
cation of EDS analyses is indicated by '+ ' . Upper panels shows RuSe2 and Ru02 
grains from JLW202 (jRhy, Ru-RuOz, 3000 ppm Se as Na2Se04). Lower panel 
shows rounded bleb of Fe-Se liquid from JLW205 (pDac, graphite, 3000 ppm Se 
as Na2Se04). Note that the RuSe2 and Ru02 were crystalline at run conditions, 
in contrast to Fe-Se liqiuid. Thus in experiment JLW202 both/o^ and were 
constrained by the assemblage Ru-Ru02-RuSe2. 
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Figure 3.12.: Backscattered electron images of /o^ buffer assemblage Ru-Ru02 (upper panel), 
and glass with vesicles and Pt metal grains formed due to breakdown of Pt02 
(lower panel). 
Run ID Mount ID 
duration Mix /o , control 
Se source 
N a 2 0 M g O A I j O j S1O3 P2O5 CI K ; 0 C a O T1O2 FeO' Se Total basicity 
N B O / T 
f/iours) (Table 3.1) a!>seinblage (wt. %) (u-t. X) (wt. %} (wt. %) (wt. %> (ivt. %) (Wt %) (wt. %) (jot. %) %) (ppm) Iwt. %) EPMA LA-ICP-MS 
C3977 JLWX29 36 NCMASTi graphite FeSe 2.52(7) 10.89(15) 21.28(16) 52,57(33) 10.99(10) 1.55(2) 0.32(1) 1014(25) 100.12 6 3 0.576 0.461 
D1201 JLWI31 36 NCMASTl graphite FeSe 2.26(4) 10.09(6) 20.65(10) 50.28(21) 10.36(5) 1 51(2) 4.65(3) 523(17) 99.80 6 6 0.584 0.529 
D1202 JLW132 36 NCMASTi graphite FeSe 2.06(5) 9.28(5) 19.87(3) 46,37(32) 952(5) 1.38(2) 10.13(3) 1152(59) 98.63 6 3 0.596 0.644 
C3980 JLW133 36 NCMASTl graphite FeSe 2.07(9) 8.99(3) 17,51(5) 43,10(20) 8.96(2) 1.28(1) 16.70(8) 2006(39) 98.61 6 6 0.613 0.886 
C3988 JLW142 6 CMASFe graphite S e O j 9.%(1) 13.65(4) 44,83(21) 21.21(5) 9.32(2) 1947(27) 99,14 6 3 0.626 1.230 
C3989 ILW143 6 C M A S graphite SeO, 10.76(6) 14.91(9) 49,72(16) 23,36(3) 1470(9) 99,06 6 3 0.607 0.968 
C3992 JLW147 6 MAS2 graphite SeO^ 25.78(7) 23.36(10) 53,09(20) 1663(36) 102,57 6 3 0.570 0.620 
D1402 JLW2n5 6 pDac graphite Na2Se04 4 17(14) 1-25(1) 17.45(18) 6h,78(31) 0.63(2) 3.26(5) 3.65(4) 0.87(1) 2.52(4) 1079(186) 100.59 h 3 0.544 0.084 
C4177 JLW206 6 jRhy graphite Na ,SeO, 4.05(5) 0.85(1) 16.58(17) 70,46(14) 0.22(1) 5.32(6) 2.33(2) 0.45(1) 3088(111) 100.29 6 3 0.539 0.030 
C41V8 JLW238 12 aRhy graphite NajSeO, 3.48(8) 0.36(1) 16.07(28) 73,37(31) 0.09(1) 5.60(5) 1.17(2) 0.38(1) 411(12) 1(N).56 6 0.532 -<).(tl5 
C4199 JLW260 12 fRhy graphite NaiSe04 3.67(10) 0.62(1) 14.59(13) 72.24(26) 0.16(1) 3.72(5) 2 67(3) 0.48(0) 2.21(3) 407(14) 100,35 6 3 0.536 0.066 
D1207 JLW134 36 NCMASTl RuOj Na2Sc04 2.38(4) 10,77(10) 20.63(16) 50,55(31) 0.84(2) 10.91(8) 1.34(2) 1297(3) 97.51 6 3 0.577 0.472 
D1397 JLW187 6 C M A S RU02 SeOi 11.13(7) 13.50(10) 44,20(20) 2.15(3) 21,80(12) 1636(29) 93.08 6 3 0.612 1.071 
C4171 JLWI89 6 NCMASTl RuO, Na2Se04 2.21(5) 9.42(9) 18.19(22) 45,20(43) 2.61(2) 9.38(9) 1.03(2) 8.74(5) 1484(37) <^ 5.71 13 3 0.58« 0.414 
D1396 JLW184 6 MAS2 Ru-RuOj S e O j 28.90(9) 20.47(12) 46,22(33) 1.25(1) 1.55(5) 684(28) 98.07 13 0.585 0.934 
C4172 JLW191 6 NCMASTl Ru-RuOj Na.SeOi 2.46(7) 11.77(24) 20.79(21) 51.77(34) 1,06(3) 11 12(12) 144(3) 857(28) gv.«7 12 3 0.578 0.507 
C4174 ILW198 6 pDac Ru-RuO: Na2Se04 4.29(7) 2.63(39) 17.08(11) 64.09(45) 0.62(5) 3.21(10) 4.05(17) 0.79(1) 2.30(8) 682(53) 99.06 6 3 0.549 0.098 
C4176 JLW202 6 |Rhy Ru-RuO. Na2Se04 3.99(8) 0.87(3) 16.69(6) 70.24(37) 0.21(1) 0.28(3) 5.15(4) 2.30(5) 0.43(1) 830(177) 100.21 6 0.539 0.024 
D1411 JLW231 24 aRhy Ru-RuOz Na2Se04 3.34(6) 0.35(1) 16.13(5) 72.07(29) 0.09(1) 0.74(3) 5.37(6) 1.12(3) 0.33(1) 108(2) 99.60 6 3 0.532 -0.025 
C4197 )LW254 12 fRhy Ru-RuOj Na,Se04 3.54(5) 0.62(2) 14.54(2) 70.54(33) 0.15(2) 0.38(2) 3.61(2) 2.58(4) 0.44(1) 2.05(3) 205(11) 98.45 6 3 0.534 0.016 
D1216 JLW135 36 NCMASTl Pt02 Na2Se04 2.55(8) 10.96(13) 20.74(19) 50.81(77) 0.30(1) 10 95(10) 1.55(2) 1372(7) 97.92 6 0.577 0.479 
C3993 JLW148 6 C M A S PtO: SeOj 10.34(5) 14.36(12) 47.49(46) 0 24(1) 22.85(15) 1973(42) 95.57 6 3 0.608 0.983 
D1399 JLW192 6 pDac PtOz Na2Se04 4.00(13) 1.58(40) 17.24(7) 63,92(43) 0.66(2) 0.09(4) 3.13(13) 3.77(17) 0.86(1) 2.58(3) 2260(65) 97.83 6 3 0.544 0.026 
C4173 JLW194 6 |Rhy PtO; Na;Se04 3.54(9) 0.88(2) 16.59(14) 68.71(79) 0.22(1) 0.12(3) 5,14(6) 2.31(9) 0.45(1) 2860(357) 98.01 6 3 0.538 0.016 
D1400 JLW196 6 NCMASTi PtOz Na:Se04 2.31(3) 10.00(5) 18.26(4) 46,13(32) 0.17(1) 10.07(5) 1.36(1) 9.42(4) 1450(14) 97.75 6 3 0.589 0.360 
C4175 JLW2CI0 6 MAS2 PtO; SCO2 24.55(11) 22.75(9) 51,19(31) 014(1) 0.30(1) 1689(8) 99.15 6 3 0.570 0.607 
D1410 JLW229 24 aRhy PtO; Na2Se04 3.19(5) 0.39(1) 16.30(10) 73.07(23) 0.09(1) 0.14(1) 5,43(6) 1.13(3) 0.39(1) 758(76) 100.18 6 3 0.531 -0.027 
D1416 JLW252 12 fRhy PIO2 Na2S..04 3.42(7) 0.64(1) 14.53(4) 71.20(36) 0.16(1) 0.13(1) 3.60(2) 2.58(5) 0.4«(1) 2.22(3) 436(6) 6 3 0.533 -t).(H)l 
Table 3.4.: Experimental details and analytical results for anhydrous Se-bearing glasses. All glasses were synthesised at 1400 °C and 
1.5 GPa, except for MAS2 (1500 °C). Numbers in parentheses are 1 S.D. in the last digit. Fe is reported as FeO, regardess 
of valence state. Optical basicity and N B O / T were calculated assuming /LFe of 0.75 for Ru-Ru02 runs and 1.0 for 
PtOj runs. '- ' indicates below detection limit or not analysed. 
a. 
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Figure 3.13.: Selenide model compounds. Native Se is repeated from Figure 3.14 to permit 
comparison of absorbance. Note that CaSe, and MnSe were collected at a spectral 
resolution of 14.14 eV, cf. 4.19 eV for the other spectra. The energy of the first peak 
in the spectra of NiSe/Fe( l - A:)Se/FeSe2 was used to indicate Se^~. Spectra are 
offset for clarity. 
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Figure 3.14.: Selenite and selenate model compounds. Native Se is repeated from Figure 3.13 
to permit comparison of absorbance. Note that S e 0 2 and H2Se03 were collected 
at a spectral resolution of 14.14 eV, cf. 4.19 eV for the other spectra. Spectra are 
offset for clarity. 
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Figure 3.16.: Demonstration of the effects of core hole hfetime broadening on XANES spec-
tra. Sulfur compound spectra were obtained from the ESRFID21 Sulfur XANES 
spectra database. Horizontal and vertical scales are identical in both panels (25 
eV and ~8 times edge step). 
3. XANES investigation ofSe in anhydrous silicate glasses 
Figure 3.15A, and edge crest energies are compared with edge crest energies of sulfur model 
compounds reported by Alonso-Mori et al. (2009) in Figure 3.15B. There is excellent agreement 
between the edge energies determined in this study and those of Lenz et al. (2008). Two fea-
tures are immediately apparent from the Se model compounds—firstly, edge energies increase 
with increasing valence state, from -12657 for Se^~ minerals to 12665 eV for minerals. 
This energy spread of approximately 1 eV per formal charge unit is consistent with 'Kunzl's 
law' and the findings of others for both Se (Pickering et al., 1995; Ryser et al., 2005; Lenz et al., 
2008; Bingham et al., 2011) and S (Fleet, 2005; Metrich et al., 2009; Evans et al., 2009; Alonso-
Mori et al., 2009). At the most simple level, the increasing edge energy with increasing valence 
state can be attributed to increasing binding energy of core level electrons as valence electrons 
are lost (Section 2.2.3). The Se K-edge arises from Se Is to 4p transitions (Is to 4s is forbidden 
by atomic selection rules), and with increasing valence state the electronic configuration of Se 
varies from [Ar]4s23di04p® for Se^", [Ar]4s23di04p'' for native Se, [Ar]4s23d"4p° for Se4+, 
and [Ar]4s°3d^''4p° for Se''"^, such that the intense edge crest results from the increased prob-
ability of the Is to 4p transition when the 4p orbital is unoccupied. Edge crests for Se''^ and 
Se®"^  model compounds are of similar intensity, reflecting the forbidden Se Is to 4s transition. 
In detail, the XANES spectra recorded for selenide minerals (CaSe, MnSe, Cu2Se, FeSe, NiSe, 
FeSeo) are consistent with the observations made for sulfide minerals—sulfide minerals in-
volving transition metal cations, with a high degree of covalent bonding have lower energy 
absorption edges than sulfide minerals involving cations such as Ca and Mg, that exhibit a 
high degree of ionic bonding (Farrell et al., 2002; Fleet, 2005). By analogy with equivalent 
sulfide minerals, hybridising between 3d states of transition metal cations and selenium 4p 
states results in a lower energy transition from the selenium Is state to unoccupied selenium 
4p orbital than when the cation is a non-transition metal where 3d orbitals are unavailable for 
hybridisation, e.g CaSe and CujSe. FeSe2 is observed to have a stronger initial peak than ei-
ther FeSe or NiSe, consistent with Se occurring as S e ' " , with less occupied Se 4p orbitals than 
for Se-" . The NaCl-structured CaSe, MnSe and Cu2Se are observed to have higher energy 
absorption edge, and exhibit a single peak, unlike the double peak observed for the NiAs-
structured FeSe, NiSe and marcasite-structure FeSe2. Furthermore, Farrell and Fleet (2000) 
3.4. Results and Discussion 
and Farrell et al. (2002, p. 1324) note that 'A key feature of the NiAs-ti/pe structure is the sharing 
ofMSf, octahedral faces, which permits a metal-metal bonding interaction along the c direction through 
hybridization of either 3d( fj^,) or Mie^) orbitals.' Thus, the energy of the Se K-edge for MnSe is due 
to the limited 3d hybridisation permitted by the NaCl structure relative to the NiAs structure. 
Lawniczak-Jabtonska et al. (1996) also observed a single peak for MnSe, consistent with the 
spectrum reported herein. Notably, neither Mn(S04)2 or Mn(P04)2 exhibit pre-edge peaks or 
shoulders, whereas other transition metal sulfates and phosphates do (Okude et al., 1999). 
The Se K-edge XANES spectra for oxyanions of selenium are much less influenced by the 
identity of the cation as oxygens are the nearest neighbours to selenium, and there is conse-
quently limited scope for the cation to influence the local electronic environment of selenium 
{cf sulfur oxyanions Evans et al., 2009; Fleet, 2005). As a result, the overall shape of XANES 
spectra for a given oxyanion are quite similar, regardless of the cation. This is best demon-
strated by the BaSe04 and Na2Se04 spectra in Figure 3.14 which are quite similar, even in the 
region of multiple scattering resonances above the edge crest. 
Figure 3.16 presents a comparison between S K-edge XANES and Se K-edge XANES spectra 
on identical energy (25 eV) and normalised absorbance (12 times edge step) scales. Broadening 
of spectra features associated with the increase in the natural width of the the K level for Se 
(2.33 eV) relative to S (0.59 eV) is unambiguous when S and Se K-edge XANES spectra are 
plotted on the same scale. 
Synthetic silicate glasses 
Se K-edge XANES spectra for anhydrous silicate glasses synthesised in graphite capsules are 
presented in Figure 3.17; spectra for glasses synthesised in equilibrium with the assemblage 
RU-RU02 are presented in Figure 3.18; spectra for glasses synthesised with Pt02 are presented 
in Figure 3.19. Edge and edge crest energies plus edge crest intensities for silicate glass samples 
and model compounds are summarised in Table 3.5, and presented in Figures 3.20 and 3.21. 
Glasses synthesised in graphite capsules produced a spectrum consisting of a single, low 
intensity peak with an EQ energy of between 12657 and 12661 eV, and an edge crest intensity 
of < 2 times the edge step. The shape and energy of the edge feature is similar to that observed 
3. XANES investigation ofSe in anhydrous silicate glasses 
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Figure 3.17.: Se K-edge XANES spectra of anhydrous silicate glasses synthesised in graphite 
capsules. 
3.4. Results and Discussion 
for NaCl-structure selenide model compounds such as CaSe and Cu2Se, aqueous Se^" (Figure 
6 of Diener et al., 2012), HSe" (Figure 1 of Weekley et al., 2011) and also similar to sulfur 
K-edge XANES spectra of sulfide undersaturated silicate glasses (Metrich et al., 2009; Wilke 
et al., 2008). Graphite-equilibrated glasses form a group overlapping with selenide model 
compounds when plotted in EQ energy-edge crest intensity space (Figure 3.20), whereas the 
energies of the edge crests of graphite equilibrated glasses are up to 2 eV higher than that 
of CuzSe, MnSe and CaSe (Figure 3.21). Nevertheless, the similarity between the Se K-edge 
XANES spectra of NaCl-structured model compounds, aqueous Se^~ the solubility relations 
determined in Chapter 5 and partitioning studies from the metallurgical literature all support 
the interpretation that selenium is present as Se^~ in graphite-equilibrated glasses. 
A prominent shoulder is visible on the spectra for samples demonstrated to be selenide 
saturated, reflecting a spectrum that is a composite of the spectra for dissolved selenide and the 
saturating selenide phase. This is best illustrated by the spectrum for sample JLW154, a sample 
from the SeCSeS study presented in Chapter 5 which was analysed in order to provide an 
example of an unambiguously FeSe saturated sample. The spectra for JLW154 shows a 'double 
peak' similar to NiAs-structured selenides like NiSe and FeSe or marcasite structured FeSe2, 
reflecting that > 8 0 % of the Se signal is from quenched selenide liquid. The smaller shoulders 
present in the spectra of other saturated samples is consistent with their lower degrees of 
oversaturation. 
FeO-free glasses synthesised in the presence of Ru-Ru02 produced spectra with a single, 
high intensity peak, with an Eg energy of ~12662.5 eV and an edge crest intensity 4-5 times 
the edge step, consistent with spectra from selenite model compounds, and thus reflect dis-
solved Se speciated as Se^+. All FeO-bearing samples produced spectra with a low-energy 
shoulder. Time-resolved LA-ICP-MS intensity plots show no indication of selenium phases 
in any sample other than JLW202 (jRhy), thus the shoulder is a feature of Se dissolved in the 
glass. 
Five FeO- and nugget-free, Ru-RuOz equilibrated samples (JLW184, MAS2; JLW187, CMAS; 
JLW134 & JLW 191, NCMASTi; JLW231, aRhy) produced spectra that resemble Se''+ model 
compounds investigated in the present study, though with a more intense edge crest. Notably, 
3. XANES investigation of Se in anhydrous silicate glasses 
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Figure 3.18.: Se K-edge X A N E S spectra of anhydrous silicate glasses synthesised in equilib-
rium with Ru -Ru0 2 . 
3.4. Results and Discussion 
these spectra are very similar to those of aqueous Se''+ solutions (Lopez de Arroyabe Loyo 
et al., 2008; Pickering et al., 1995; Scheinost and Charlet, 2008; Andrahennadi et al., 2007). 
Thus, these samples are interpreted to represent Se dissolved in silicate glass as Se'*+, an in-
terpretation consistent with results from air melted alkali borosiiicate glasses (Bingham et al., 
2011). These 'pure' Se''+ spectra plot as a distinct group in Figures 3.20 and 3.21, whilst the 
FeO-bearing samples form a trend between the glass Se''+ group and the Se^" glass and model 
compound group. 
The presence of the shoulder only in Fe-bearing glasses suggests that it may be related to 
the presence of Fe. Three possible explanations (or a combination thereof) for the composite 
spectra in Fe-bearing Ru-Ru02 equilibrated glasses are: 
(1) that the presence of Fe in the glass shifts the/Q^ of the Se^" to transition to higher/Q^ 
due to changes in melt structure—O'Neill et al. (2006) report an Fe^+ZEFe at Ru-RuOj of 
- 0 . 7 5 ; all Fe''+ is likely network-forming tetrahedral Fe''+; 
(2) an electron transfer reaction occurs between Fe and Se species during quench, such as 
6 Fe2+ + Se''+ ^ 6 Fe3+ + S e - " or 4 Fe2+ + Se'»+ ^ 4 Fe3+ -n Se"; 
(3) the volume of sample excited by the beam included incompletely masked buffer mate-
rial containing Ru-Se alloys or disseminated Ru-selenide grains, even in samples where 
they were not present in the time-resolved LA-ICP-MS intensity plots or identified by 
BSE imaging. Inukai et al. (2007) provides examples of Se K-edge XANES spectra for 
Se-Ru nanoparticles, which have an appearance similar to native Se and NiAs/marcasite 
structure selenides. 
The presence of dissolved Se" as an equilibrium Se species in the Fe-bearing runs is consid-
ered unlikely, as it is inconsistent with partitioning data from the metallurgical literature and 
the SeCSeS results presented in Chapter 5. Furthermore, the Se^'-Se" transition involves only 
two electrons, thus complete transition between Se^' -Se" will cover approximately 8 log units 
of fo^, and the 4 electron Se^-Se^^ transition will cover approximately 4 log units of /o^ for 
complete transition. In total, approximately 12 log units of /o^ are necessary for successive 
3. XANES investigation ofSe in anhydrous silicate glasses 
Se-^-Se" , Se''-Se"'+ transitions, and there is insufficient separation between the /Q^ imposed 
by graphite ( ~ ANNO-2.5) and the/Q^ imposed by Ru-RuOj (ANNO+5.1) for such a scenario 
to be consistent with 100% Se''+ in NCMASTi glass {i.e. samples JLW191 and JLW134), and the 
graphite equilibrated XANES/SeCSeS results for NCMASTi composition implying Se specia-
tion as selenide. 
An electron transfer reaction is the most straightforward (though non-unique) explanation, 
as such behavior has been observed for chromium (Berry et al., 2003b, 2006), cerium (Burn-
ham and Berry, 2014), and vanadium (Borisov, 2013). As outlined by Borisov (2013) and 
summarised in Chapter 2, such electron transfer reactions are to be expected during quench 
whenever multiple polyvalent elements are present. In fact, the only situation where such a 
reaction will not occur is when the temperature dependence of the log Ks for the respective 
redox couples are identical. Thus, it seems that some reaction during quench is inevitable, 
although it could be argued that the coordination of Se by oxygens in SeO|^ units could slow 
such a reaction. The stoichiometry of both the proposed reactions implies that small changes 
in ferrous-ferric ratio during quench could result in large changes in selenide-selenite ratio. 
The optimum method for investigating mutual redox interactions during quench (indeed, any 
redox-dependent speciation in silicate melts) is via in situ XANES using a high-temperature 
furnace (Berry et al., 2003b). Unfortunately, the volatility and toxicity of Se precludes such an 
investigation, and thus the mechanism producing composite XANES spectra in FeO-bearing, 
RU-RU02 equilibrated glasses remains unresolved. 
Glasses synthesised at high /Q^ in the presence of a pure O j gas phase generated by the 
decomposition of Pt02 produced spectra with an Eg energy between - 1 2 6 6 2 and ~12666 eV, 
and edge crest intensities 3-5 times the edge step. The appearance of spectra from sample 
JLW135 is similar to that of Na2Se04 and BaSe04, though with a slight low energy shoulder, 
and less structure above the edge crest. All spectra appear to represent varying degrees of mix-
ing between 'pure' Se^+ glass and Se^+ model compound spectra, except for sample JLW229 
(aRhy) which appears to be almost pure Se-'+. The most selenate-like samples, JLW135 and 
JLW148 plot in a group with the selenate model compounds in Figure 3.21, whereas the other 
'Pt02 glasses' form an array between the edge crest energies of selenate and selenite samples. 
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Figure 3.19.: Se K-edge XANES spectra of anhydrous silicate glasses synthesised in equilib-
rium with PtO-,. 
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though at lower edge crest intensity. Only JLW135 plots with the selenate model compounds 
in Figure 3.20. The composite spectra observed for ' P t 0 2 glasses' are interpreted to represent 
a combination of and in the glass. The selenite to selenate transition involves only 
two electrons, and thus requires approximately 8 log units o f / q , for complete transition. The 
/02 imposed by 1.5 GPa of Oo is only 5.4 log units above Ru-RuOo. As all the Fe-free samples 
represent mixed speciation is expected in the P t O j experiments. 
Linear combination fitting 
Many of the silicate glasses investigated in the present study produced Se K-edge XANES spec-
tra that appear to be composites of more than one valence state. Linear combination fitting 
is an established technique for evaluating and quantifying spectra of samples with composite 
spectra (Evans et al., 2008a; Bingham et al., 2011; Burnham and Berry, 2014). The effective-
ness of linear combination fitting is dependent on the quality (resolution, normalisation, back-
ground subtraction) and appropriateness of the end-member spectra employed. The structure 
of quenched silicate glass is quite different to that of a mineral, lacking long range order, and 
providing a far greater variety of possible nearest neighbours and site geometries for Se than 
a pure mineral. Some investigators report success fitting S (Fleet, 2005) and CI (Evans et al., 
2008a) K-edge XANES spectra with mineral end-members, others have found mineral spectra 
to be unsatisfactory end-members for fitting of sulfide (Evans et al., 2009, Fig. 11) and 'reduced' 
Se (Bingham et al., 2011) K-edge XANES spectra. Burnham and Berry (2014) had success fit-
ting Ce L3-edge XANES spectra with linear combinations of 'pure' Ce "^*" end member glass 
spectra and a fictive Ce "^*" end member glass spectra. The strategy employed herein was to 
conduct linear combination fitting using spectra of both model compounds and selected syn-
thetic glass spectra. As fitting was automated via a script written in the R language, a large 
number of combinations could be investigated, and evaluated both visually and in terms of 
their residual sum of squares (deviance). 
For graphite-equilibrated glasses, the spectra for samples JLW147 (MAS2), JLW142 (CMASFe) 
and JLW133 (NCMASTiFe) were selected as end members representing 'pure' glass Se^~. Fit-
ting was conducted for all combinations of these three spectra, plus C u j S e and CaSe fixed as 
3.4. Results and Discussion 
Sample 
Mix / o . Nuggets? 
E„ energy Edge crest Edge crest energy 
name control eV intensity cV 
NiSe - 12657.1 170.1 12658.8 
FeSe 12657.2 160.4 12659.2 
FeSej 12657.6 161.6 12659.4 
C u j S e 12658.7 179.1 12663.8 
MnSe 12658.9 162.7 12664 
CaSe 12659.7 164.5 12664.2 
naHve Se 12658 216.4 12659.8 
H , S e O , 12660.4 249.9 12664.3 
S e O j 12660.9 335.2 12664.2 
Na^SeOj 12662.1 301.7 12664.2 
BaSeC)4 - 12665.6 508.2 12667.3 
N a j S e O j - 12665.8 381.3 12667.8 
JLW205 pDac graphite FeSe 12657.1 179.6 12665.7 
JLW206 jRhy graphite 12657.2 171 12665.2 
JLW260 fRhy graphite FeSe 12657.3 179.5 12666 
JLW129 NCMASTi graphite 12658.1 186.6 12665 
JLW131 NCMASTiFe graphite 12658.9 187.8 12664.7 
JLW258 aRhy graphite 7FeSe 12658.9 165.6 12666.3 
JLW143 CMAS graphite minor 12659 202.5 12664.6 
JLW133 NCMASTiFe graphite 12660.5 194 12664.9 
JLW142 CMASFe graphite 12660.8 196.2 12665 
JLW132 NCMASTiFe graphite 12660.9 188.2 12665.5 
JLW147 MAS2 graphite - 12661.2 200.6 12665.1 
JLW189 NCMASTiFe RuO, 12662 272.8 12663.4 
JLW202 jRhy RU-RUO2 RuSe2 12662.2 402.3 12664 
JLW254 flUly Ru-RuOi 12662.3 323.1 12664.1 
JLW198 pDac RU-RUO2 12662.4 332.6 12664.2 
JLW187 CMAS Rutl , 12662.5 455.4 12664.3 
JLW134 NCMASTi RUO2 12662.6 459.6 12664.1 
JLW184 MAS2 RU-RUO2 12662.7 466 12664.2 
JLW231 aRhy Ru-RuOz 12662.8 483.5 12664.3 
JLW192 pDac PtOj 12661.9 334.1 12664.6 
JLW252 fRhy PtOj 12662.2 352.8 12666.2 
JLW200 MAS2 PtO, 12662.3 362.6 12664.7 
JLW229 aRhy Pt02 12662.3 427.9 12664.1 
JLW196 NCMASTiFe PtO, 12662.3 359.7 12664.9 
JLW194 jRhy P t O j - 12662.4 348.6 12667 
JLW148 CMAS Pt02 12662.8 431.5 12667.6 
JLW135 NCMASTi PIO2 - 12665.8 482.4 12667.5 
Table 3.5.: Eo energy, edge crest energy and edge crest intensity for anhydrous silicate glasses 
and model compounds. 
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Figure 3.20.: Summary of the relationship between EQ energy and edge crest intensity for both 
anhydrous sihcate glasses and model compounds. Silicate glasses resolve into 
three distinct groups representing Se dissolved as Se^" (Eq a 12657-12661 eV; 
edge crest « 150-200), Se'»+ (Eq « 12663 eV; edge crest 450-500) and Se'^+ (Eq 
12666 eV; edge crest 500). Eq energies of mixed Se^+-Se^+ and Se''+-Se^+ glasses 
lie in a similar energy range to Se"*"^  glasses, though vifith lower intensity edge 
crests. Selenide minerals CaSe and CujSe have Eg energies in the same range 
as Se''+ minerals and glasses, though with lower intensity edge crests. Selenite 
model compounds analysed at low spectral resolution are marked with arrows 
as the Eq energy would move to higher energy if collected at higher spectral reso-
lution. Note that data normalised using the MBACK algorithm are normalised to 
the energy dependent mass absorption coefficients tabulated by McMaster et al. 
(1969), not the customary 0-1 scale. 
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Figure 3.21.: Summary of the relationship between E„ energy and edge crest energy for both 
anhydrous silicate glasses and model compounds. Glasses synthesised in equi-
librium with graphite, Ru-Ru02 and 1.5 GPa O2 pressure plot in distinct groups, 
reflecting the speciation of Se in the glass. 
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Figure 3.22.: Linear combination fits for glasses synthesised in equilibrium with graphite. 
Sample spectrum is shown in black, fit is shown in red. Presented fits are those 
with the lowest deviance (Table 3.6). 
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one component, and the model compounds/'pure' glass selenide spectra as the other com-
ponent. The results with the lowest residual sum of squares for each sample are summarised 
in Table 3.6 and plotted in Figure 3.22. Linear combination fitting produced satisfactory fits 
for all samples. Interestingly, sample JLW154, the FeSe-saturated NCMASTi was best fit by a 
combination of Cu2Se and FeSe2 rather than one of the silicate glass end members. It is no-
table that only one of the NCMASTiFe samples, JLW132 (10.3 wt. % FeO) returned a best fit 
that involved a selenide mineral with a low energy £„, whereas sample JLW133 (16.7 wt. % 
FeO) was best fit by a combination of Cu2Se and MAS2. As FeO concentration increases, the 
probability that Fe is a nearest neighbor to Se increases. Therefore, the Se K-edge XANES 
spectrum could be expected to become more like that of Fe selenide minerals, with a lower 
EQ energy, reflecting hybridisation of Se 4p and Fe 3d orbitals. This is not apparent in either 
the observed Eg energies (Table 3.5) or linear combination fitting. It is therefore be suggested 
that the bonding environment of Se with Fe as a nearest neighbor in glass is unlike that in iron 
selenide minerals. 
Preliminary fitting of spectra from Ru-Ru02 equilibrated glasses revealed that four spectra 
(JLW184, MAS2; JLW187, CMAS; JLW134, NCMASTi; JLW191, NCMASTi; JLW231, aRhy) fit 
each other with a fraction of 0.90 or greater (Table 3.6), suggesting that all four represent end-
member silicate glass spectra. Thus, the remaining spectra from Ru-Ru02 equilibrated 
glasses were fit with combinations of the chosen 'pure' silicate glass Se"'+ spectra or Na2Se03 
fixed as one component, and all model compounds, plus the end member silicate glass Se^~ 
spectra as the other component. The best fits are summarised in Table 3.6 and plotted in Figure 
3.23. The FeO-bearing glasses were best fit with combinations of one of the 'pure' Se"*+ glass 
end members and native Se or NiSe. A best fit involving native Se is not considered indicative 
of the presence of selenium speciated as Se° for reasons explained above. That the best fits 
for the Fe-bearing Ru-Ru02 glasses involved low Eg spectra (native Se and FeSe) whilst those 
of high FeO content glasses synthesised in graphite capsules do not have spectra similar to 
low Eg spectra, indicates that the cause of the shoulder is likely due to the formation of a se-
lenide mineral rather than Se^" dissolved in the glass/melt. Sample JLW202, noted to contain 
nuggets of ruthenium selenide, was best fit by a combination of 0.8 JLW191 (NCMASTi) and 
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Figure 3.23.: Linear combination fits for glasses synthesised in the presence of Ru-RuOj. Sam-
ple spectrum is shown in black, fit is shown in red. Plotted fits are those with the 
lowest deviance (Table 3.6). 
3.4. Results and Discussion 
0.2 NiSe, consistent with a contribution from the pyrite-structure RuSe-,. 
The Se K-edge XANES spectra from sihcate glasses synthesised in equilibrium with O2 
gas generated by PtOj breakdown do not contain any spectra that could be considered end-
member silicate glass Se^+ spectra. However, samples JLW135 (NCMASTi) and JLW148 (CMAS) 
produced spectra that appear to have a high content. These spectra were fit by fixing one 
component as BaSe04 and fitting all combinations of the the 'pure' silicate glass Se"*"^  end 
members. The results of this fitting is presented in Table 3.7. The standard deviafions of the 
mean of the BaSe04 fraction across fits with all silicate glass Se''+ end members was less than 
1% for both JLW135 and JLW148 (0.84 and 0.73 BaSe04, respectively). As a further check on 
the robustness of the fits, the spectra for JLW135 and JLW148 were fit with each other as one 
component, and each of the 'pure' silicate glass end members as the other Whilst JLW135 
consistently produced best fits with 100% JLW148, JLW148 was fit with an average of 0.87(1) 
JLW135. When this fraction is corrected for the Se''^ fraction determined for JLW135 from the 
BaSe04 fits, the result is 0.73(1), identical to the earlier BaSe04-glass Se''+ fits (0.73). The linear 
combination fitting is thus internally consistent and robust. 
The remaining 'PtOj glasses' were fit with combinations of BaSe04, JLW148 or JLW135 fixed 
as one component, and the Se'*"'" glass end members as the other. Fits involving JLW148 and 
JLW135 were subsequently corrected for Se^ "*" content. The results are presented in Table 3.8, 
and plotted in Figure 3.24. Corrected fits with the three end members agree within 2%. 
The range of Se^+/(Se^++Se'*+) is quite large, JLW229 (aRhy) returning 0.10, whereas JLW138 
returned 0.84. 
The range of Se®'^/(Se^++Se''+) likely reflects the effect of melt composition/structure on 
the selenate-selenite redox equilibrium. In an effort to evaluate the effect of melt structure 
the results of linear combinafion fitting, (assumed to have direct relationship to Se'*+-Se''+ ra-
tio) are plotted against structural parameters NBO/T and theoretical optical basicity (A,^) in 
Figure 3.25. Linear fits to the relationship between Se<'+/(Se''++ Se''+) and NBO/T and theo-
retical optical basicity were not significant. Other studies have had success in correlating with 
NBO/T and A„, speciation determined by XANES for Cr (Berry et al., 2006) and Ce (Burnham 
and Berry, 2014). However, these studies were conducted using gas mixing furnaces at 1 at-
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Figure 3.24.: Linear combination fits for glasses synthesised in the presence of Pt02. Sample 
spectrum is shown in black, fit is shown in red. Plotted fits are those with the 
lowest deviance (Table 3.8). 
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Figure 3.25.: Relationship between Se^"''/(Se®"'"+ Se'*"'') as determined by linear combination 
fitting, and structural parameters N B O / T (LHS) and theoretical optical basicity 
(A,;,; RHS). Linear fits to the data are not statistically significant. 
mosphere, and covered a sufficiently wide range of/o^ that the position of the logistic curve 
could be defined by numerous datapoints for each composition. Once the position of the lo-
gistic curve is constrained, the relationship between/Q^ and speciation can be reduced to a log 
K' parameter, and this parameter is evaluated as a function of N B O / T or A,;,. In the present 
study, the position of entire logistic curve is necessarily determined by a single/Q, value for 
each composition, and as such, the resulting lack of correlation is to be expected. 
3.5. Summary 
The results of the present study demonstrate that the speciation of selenium in anhydrous sil-
icate liquids is different to that of sulfur, confirming results from the glassmaking and metal-
lurgical literature. Sulfur occurs in only two valence states, S^" and 5*'+, with a rapid transition 
over ~ 2 log units of/o^ space, occurring approximately between NNO-2 and NNO+2, depend-
ing on melt composition (Jugo et al., 2010; Botcharnikov et al., 2011; Klimm et al., 2012a). The 
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Sample component 1 component 2 Deviance 
Mount ID Mix weight Mount ID Mix weight Mount ID Mix 
JLW142 CMASFe 0.99 JLW147 MAS2 0.01 CaSe 2501 
JLW132 NCMASTiFe 0.92 JLW147 MAS2 0.08 FeSej 4605 
JLW147 MAS2 0.92 JLW142 CMASFe 0.08 CuzSe 2246 
JLW131 NCMASTiFe 0.82 JLW133 NCMASTiFe 0.18 CaSe 622 
JLW129 NCMASTi 0.82 JLW147 MAS2 0.18 FeSe2 464 
JLW133 NCMASTiFe 0.77 JLW147 MAS2 0.23 Cu2Se 673 
JLW143 CMAS 0.68 JLW147 MAS2 0.32 Cu2Se 3409 
JLW260 fRhy 0.67 JLW133 NCMASTiFe 0.33 NiSe 1022 
JLW258 aRhy 0.64 JLW142 CMASFe 0.36 Native Se 1653 
JLW205 pDac 0.48 JLW133 NCMASTiFe 0.52 NiSe 734 
JLW206 jRhy 0.44 JLW142 CMASFe 0.56 FeSe 1311 
JLW154 NCMASTi 0.34 CujSe 0.66 FeSe2 1502 
JLW231 aRhy 1.00 JLW184 MAS2 5973 
JLW134 NCMASTi 0.99 JLW187 CMAS 0.01 CujSe 6102 
JLW187 CMAS 0.96 JLW134 NCMASTi 0.04 BaSe04 2786 
JLW184 MAS2 0.91 JLW231 aRhy 0.09 NajSeO,, 2755 
JLW191 NCMASTi 0.90 JLW186 CMAS 0.10 Na2Se03 12088 
JLW202 jRhy 0.80 JLW191 NCMASTi 0.20 NiSe 4415 
JLW198 pDac 0.62 JLW134 NCMASTi 0.38 Native Se 5022 
JLW254 fRhy 0.55 JLW191 NCMASTi 0.45 FeSe 13196 
JLW189 NCMASTiFe 0.46 JLW191 NCMASTi 0.54 Native Se 3753 
Table 3.6.: Linear combination fitting of anhydrous silicate glasses synthesised in equilibrium 
with graphite, RUO2 and RU-RUO2. 'Weight' refers to the proportion of a given 




Mount ID Mix 
component 1 (Se^"*") 
weight Mount ID Mix 
component 2 
I weight Mount ID Mix 
Deviance 
n-W135 NCMASTi 0.84 BaSe04 0.16 JLW134 NCMASTi 18101 
JLW135 NCMASTi 0.83 BaSeOj 0.17 JLW184 MAS2 18907 
JLW135 NCMASTi 0.85 BaSeOj 0.15 JLW186 CMAS 19117 
JLW135 NCMASTi 0.83 BaSe04 0.17 JLW187 CMAS 17518 
JLW135 NCMASTi 0.85 BaSeOj 0.15 JLW191 NCMASTi 20022 
JLW135 NCMASTi 0.83 BaSeOj 0.17 JLW231 aRhy 18073 
JLW135 NCMASTi 0.85 BaSe04 0.15 Na^SeOj 40562 
azvrage 0.84 0.16 
S.D. 0.01 0.01 
JI,W135 NCMASTi 1.00 JLW148 CMAS 0.00 JLW1.34 NCMASTi 39870 
JLW135 NCMASTi 1.00 JLW148 CMAS 0.00 JLW184 MAS2 39870 
J1,W135 NCMASTi 1.00 JI.W148 CMAS 0.00 JLW186 CMAS 39870 
JLW135 NCMASTi 1.00 JLW148 CMAS 0.00 JLW187 CMAS 39870 
JLW135 NCMASTi 1.00 JLW148 CMAS o.oc JLW191 NCMASTi 39870 
JLW135 NCMASTi 1.00 ;LW148 CMAS 0.00 JLW231 aRhy 39870 
JLW135 NCMASTi 1.00 JLW148 CMAS 0.00 NajSeO, 39870 
average 1.00 o.oo 
S.D. 0.00 0.00 
JLW148 CMAS 0.73 BaSeO, 0.27 JLW134 NCMASTi 21959 
JLW148 CMAS 0.72 BaSe04 0.28 ILW184 MAS2 2.S386 
JLW148 CMAS 0.75 BaSe04 0.25 JLW186 CMAS 20325 
JLW148 CMAS 0.72 BaSeOj 0.28 JLW187 CMAS 21328 
JLW148 CMAS 0.75 BaSe04 0.25 JLW191 NCMASTi 22928 
Jl,W148 CMAS 0.73 BaSeOi 0.27 ILW231 aRhy 26453 
JLW148 CMAS 0.72 BaSe04 0.28 NazSeOj 55397 
average 0.73 0.27 
S.D. 0.01 0.01 
JLW148 CMAS 0.87 JLW1.35 NCMASTi 0,13 JLW1,34 NCMASTi 15812 
J L W U 8 CMAS 0.87 JLW135 NCMASTi 0.13 JLW184 MAS2 16843 
JLW148 CMAS 0.88 JLW135 NCMASTi 0.12 JLW186 CMAS 14437 
JLW148 CMAS 0.87 JLW135 NCMASTi 0.13 JLW187 CMAS 15850 
JLW148 CMAS 0.88 JLW135 NCMASTi 0.12 ILW191 NCMASTi 15059 
JLW148 CMAS 0.88 JLW135 NCMASTi 0.12 JLW231 aRhy 17916 
JLW148 CMAS 0.85 JLW135 NCMASTi 0.15 NazSeO, 15776 
average 0.87 0.13 
S.D. 0.01 0.01 
Table 3.7.: Demonstration of the reproducibility of fitting spectra for samples JLW135 (NC-
MASTi, PtOj ) and JLW148 (CMAS, PtOj). 'Weight' refers to the proportion of a 
given component determined by the linear combination fitting. As neither JLW135 
and JLW148 represent end-member spectra for Se®+ in silicate glasses, the re-
producibility of fits employing a selenate mineral (BaSe04, Na jSeOj ) and end-
member glasses were examined to determine the fraction of in JLW135 
and JLW148 glasses. 
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Sample component 1 (Se**^) component 2 (Se"^ "*") 
Mount ID Mix weight 
corrected 
weight 
Mount ID Mix weight 
corrected 
weight 
Mount ID Mix 
Deviance 
JLW192 pDac 0.39 0.39 BaSeOj 0.61 0.61 JLW191 NCMASTi 4792 
JLW192 pDac 0.45 0.38 JLW135 NCMASTi 0..S5 0.62 JLW191 NCMASTi 10829 
JLW192 pDac 0.51 0.37 JLW148 CMAS 0.49 0.63 JLW191 NCMASTi 14214 
JLW194 |Rhy 0.53 0.53 BaSeO, 0.47 0.47 JLW191 NCMASTi 6021 
JLW194 jRhy 0.61 0.52 JLW135 NCMASTi 0.39 0.48 JLW191 NCMASTi 16691 
JLW194 |Rhy 0.69 0.51 JLW148 CMAS 0.31 0.49 JLW191 NCMASTi 17588 
JLW194 jRhy 0.51 0.43 JLW135 NCMASTi 0.49 0.57 NazSeOj 14712 
JLW194 jRhy 0.60 0.43 JLW148 CMAS 0.40 0.57 NajSeO, 13807 
JLW196 NCMASTiFe 0.39 0.39 BaSeOi 0.61 0.61 JLW134 NCMASTi 4080 
JLW196 NCMASTlFe 0.47 0.40 JLW135 NCMASTi 0.53 0.60 JLW1,34 NCMASTi 1161 
JLW196 NCMASTiFe 0.53 0.39 JLW148 CMAS 0.47 0.61 JLW134 NCMASTi 3871 
JLW200 MAS2 0.33 0.33 BaSeOj 0.67 0.67 JLW134 NCMASTi 2666 
JLW200 MAS2 0.39 , 0,33 JLW135 NCMASTi 0.61 0.67 JLW134 NCMASTi 4622 
ILW200 MAS2 0.44 0.32 JLW148 CMAS 0.56 0.68 JLW134 NCMASTi 5603 
JLW229 aRhy 0.10 0.10 BaSeO, 0.90 0.90 JLW134 NCMASTi 8020 
JLW229 aRhy 0.12 0.10 JLW135 NCMASTI 0.88 0.90 JLW134 NCMASTi 7393 
JLW229 aRhy 0.13 0.10 JLW148 CMAS 0.87 0.90 JLW134 NCMASTi 7449 
JLW252 fRhy 0.43 0.43 BaSe04 0.57 0.57 JLW134 NCMASTi 4264 
JLW252 fRhy 0.51 0.43 JLW135 NCMASTi 0.49 0.57 JLW134 NCMASTi 3804 
JLW252 fRhy 0.58 0.42 JLW148 CMAS 0.42 0.58 JLW134 NCMASTi 6602 
Table 3.8.: Linear combination fitting of anhydrous silicate glasses synthesised in the pres-
ence of Pt02. 'Weight' refers to the proportion of a given component determined 
by the linear combination fitting. Details are provided for fits to all spectra with 
one componenet fixed as BaSe04, the NCMASTi Pt02 and the CMAS Pt02 glasses 
and the other component being whichever gave the best fit of of the 'pure' Se''"'" 
glasses or Na2Se03. 'Corrected weight' values were calculated by correcting the 
fits involving JLW135 and JLW148 by the Se^+/Se^+ content determined by fitting 
with BaSe04 and 'pure' glasses (Table 3.7). When corrected in this fashion, 
weights agree within 2% for all components. Note that the best fits to JLW194 
with the 'impure' Se®+ glasses were with NajSeO, , and the corrected weights are 
not in agreement with the BaSe04 fit. When then next best 'pure' Se''+ glass fit is 
chosen, the corrected weights are in excellent agreement. 
3.6. Future work 
present study reveals that in addition to Se^- and Se<'+, there is a large region of /Q, where 
Se''+ is the stable selenium species in anhydrous silicate liquids. This is in contrast to sulfur, 
where is thought to be, at most, a minor species Metrich et al. (2009). The relationship 
between the speciation of sulfur and selenium and /Q, is represented schematically in Figure 
3.26. The selenate species is unlikely to exist in silicate liquids from terrestrial environments, 
as /02 conditions are insufficiently oxidising. Thus, whilst sulfur is encountered in natural 
melts as sulfide and sulfate species, selenium will be present as selenide and selenite species. 
Sulfur and selenium will be identically speciated only when both are present in the 2- valence 
state. The most important factor for predicting the relative behaviour of sulfur and selenium, 
the relative/Q^ posiHons of the sulfide-sulfate and selenide-selenite transitions, is poorly con-
strained by the present study, which makes the failure of Re-ReOj buffered experiments par-
ticularly lamentable. The following chapter will describe an experimental attempt at refining 
the location of the Se^"-Se''+ transition. 
This study also provides the first unambiguous determination of the Se K-edge XANES spec-
tra for Se^~ dissolved in silicate glass. 
3.6. Future work 
With some minor complications, the methods employed in this study have been successful 
at producing silicate glasses under controlled/Q^ conditions suitable for investigation of re-
dox dependent element speciation. These techniques may be readily employed to investigate 
the speciation of other polyvalent chalcophile elements in silicate liquids for which we have 
limited information, namely As, Sb and Te. Whilst unsuccessful for selenium, the compiled 
determinations of redox equilibria in the alkali-borosilicate HLW glass SRL-131 of Schreiber 
and Coolbaugh (1995) provide a framework for predicting what may occur in silicate melts of 
geologically relevant composition. Shown in Figure 3.27 are the logistic curves for Fe, S, As 
and Sb species in SRL131 glass at 1150 °C. These results seem consistent with extant sulfur 
speciation data for soda-lime glass (Klimm et al., 2012a), and As speciation seems consistent 
with the results of Borisova et al. (2010) for As. Relatively straightforward experiments at Ru-
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Figure 3.26.: Regions for the possible location of the Se^~-Se'*"'' and transitions, as 
constrained by the present study, are shown in grey. The Se^'-Se"*"^ transition is 
constrained only to lie between CCO and Ru-RuOj. Shown in red is the range of 
/oj for transition for compositions investigated by Klimm et al. (2012a, 
850-1000 °C, 200 MPa) and Jugo et al. (2010,1050 °C, 200 MPa). 
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Figure 3.27.: Positions of the As3+-.As5+and Sb3+-.Sb5+ transitions 
in SRL131 alkali-borosilicate glass from Schreiber and Coolbaugh (1995). Iron-
wustite and magnetite-hematite buffers are shown for reference. 
RuOj , 0 s - 0 s 0 2 , Ir-Ir02 and with added Pt02 (and even Re-Re02, if successful) could con-
strain the positions of the As^'^-As^^ and transitions, and identify stable tellurium 
species. Experiments in equilibrium with graphite may indicate whether As-"*" or Sb"'- are 
stable species in silicate liquids. 
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4. XANES investigation of Se in hydrous 
silicate glasses 
4.1. Introduction 
The results presented in the Chapter 3 provide a framework for understanding the speciation 
of selenium in geologically relevant silicate melts as a function of/Q^. However, of most im-
portance to the understanding of the behaviour of selenium in natural magmatic systems is 
the /o^ of the selenide to selenite transition and its relationship to the sulfide-sulfate transi-
tion. In scenarios such as partial melting or metasomatism of sulfide-bearing peridotite the 
relative positions of the sulfide-sulfate and selenide-selenite transitions may have significant 
impact on the chalcophile element contents of both melts and residues. For example, if the 
selenide-selenite transition lies at higher/Q^ than the sulfide-sulfate transition, there will exist 
a region of/o, space where selenide and sulfate are the stable melt species; sulfate is signif-
icantly more soluble in the silicate liquid than selenide, such that the silicate liquid will now 
exhibit a higher S/Se than the source, and the residue {i.e. sulfide minerals/liquid) will exhibit 
a lower S/Se, than if the stable species in the silicate liquid were sulfide and selenide. Thus, 
S-Se systematics have some potential as redox sensors in arc environments (as opposed to the 
MORE environment where sulfide and selenide are the stable species), although disentan-
gling signals related to source redox conditions from all subsequent processes (crystallisation, 
assimilation, degassing, etc.) in quenched glasses representing silicate liquids that have as-
cended to the surface may be prohibitively challenging. Alternatively, metasomatism of the 
mantle by an oxidised sulfate- and selenide-bearing silicate melt will ultimately result in an 
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increase in the S /Se of the metasomatised mant le as the S-rich, sulfate-bearing, but relatively 
Se-poor, selenide bearing, metasomatic melt reacts out. 
Determining the/o^ conditions of the selenide to selenite transition in silicate melts is there-
fore a necessary component of our overall unders tanding of chalcophile element systematics 
in magmatic systems. This chapter reports the results of a prel iminary investigation that at-
tempts to refine the/Q^ of the selenide to selenite transition in Fe-bearing and Fe-free granitic 
l iquids a t l .OGPa , 900 °C. 
4.2. Experimental Methods 
4.2.1. /o , control in high pressure piston-cylinder experiments 
High pressure, high temperature experiments involving polyvalent elements require precise 
control of /Q^ to produce a constrained result. For experiments conducted in the piston-
cylinder appara tus at magmatic temperatures, there are two established me thods for con-
trolling the chemical potential of oxygen. The first, and optimal technique involves adding 
a mineral assemblage to the silicate liquid that uniquely defines //QJ ^ ^ inter-
est. Ideally, the mineral assemblage will involve a simple metal-oxide or oxide-oxide pair, the 
constituent elements of which are sparingly soluble in all other phases in the experiment, such 
that the addit ion of the/Q^ buffer assemblage does not significantly change the phase equilib-
ria of the system, and thus the applicability of results to natural systems. Unfortunately, there 
are relatively few mineral assemblages that satisfy these criteria; whilst many transition met-
als produce metal-oxide and oxide-oxide pairs that define convenient oxygen fugacities, these 
assemblages also exhibit high solubility in silicate liquids (e.g an FeO-saturated basaltic liquid 
would contain >50 wt. % FeO at wustite saturation; similar NiO contents could be expected for 
bunseni te saturation), resulting in geologically unreasonable melt compositions. Notable ex-
ceptions include the metal oxide pairs Re-ReOj (Pownceby and O'Neill, 1994b), Pd-PdO (Nell 
and O'Neill, 1996), Ru-RuOj, Ir-lrOz and Os-OsOj (O'Neill and Nell, 1997), though the latter 
four fix the chemical potential of oxygen at values significantly higher than the conditions of 
terrestrial magmat ism; experience demonstrates that the Re-ReOj assemblage does not always 
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perform as expected at high temperatures (Chapter 3; Metrich et al., 2009; Mallmann, 2009). 
The assemblage Pt -PtOj is also unstable at high temperature, but will decompose to produce 
O2 gas and Pt metal, providing a method for conducting experiments where po^ = ;;,otai, and 
/ o , is calculated via an equation of state for O2 gas; at lower temperatures the assemblage 
Pt-PtOo is expected to be stable, though thermochemical data are lacking. 
The second approach to controlling /Q^ takes advantage of the fact that noble metals em-
ployed to encapsulate samples at high P and T are universally permeable to hydrogen at mag-
matic temperatures (Figure 4.3; Eugster, 1957; Eugster and Wones, 1962; Eugster and Skippen, 
1967; Ganguly and Newton, 1968; Chou, 1986,1987). In brief, the sample material and H j O are 
sealed in an inner capsule of a permeable noble metal (Ag, Au, Pt, Au-Pd or Ag-Pd alloy). The 
inner capsule is then sealed inside a larger noble metal capsule along with the buffer assem-
blage and H2O. At experimental conditions, the buffer assemblage will impose its equilibrium 
O2 pressure, defined by a general reaction such as: 
metal + oxygen -> metal oxide. (4.1) 
The dissociation of H2O and the oxygen pressure imposed by the buffer assemblage will re-
sult in a H2 pressure defined by Kyy for the experimental P and T (and AHJO)- The hydrogen 
pressure results in diffusion of H2 into or out of the inner capsule to achieve equal H2 pres-
sures in both capsules. The oxygen pressure inside the inner capsule can be calculated via 
the relationship between A H Z O ^w- The/Q^ of the sample is only equal to the/Q^ of the 
buffer assemblage when the activity of H j O is unity in the inner and outer capsules. In ex-
periments involving H20-undersaturated silicate melts this is clearly not the case (Jakobsson 
et al., 2014); even when the silicate melt is saturated with H2O, the solubility of silicates and 
oxides in H2O increases with increasing T and P (Hack et al., 2007), meaning the assumption 
that flH^o in the fluid phase is unity becomes increasingly tenuous with increasing P and T 
and dissolved solutes (Woodland and O'Neill, 1997). The double capsule technique has the 
advantage over the 'saturating assemblage' technique that the buffer assemblage is physically 
and chemically removed from the sample, and a large selection of calibrated/Q^ buffer assem-
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Figure 4.1.: Oxygen fugacity as a function of temperature for the buffers employed In the 
present study at 1.0 GPa. Upper panel: T-log/Q,; Lower panel; T-ANNO (rela-
tive to NNO of Campbell et al., 2009). Data sources: M o - M o O j O'Neill (1986); 
Co-CoO, Ni-NiO O'Neill and Pownceby (1993a); Re-ReOz Pownceby and O'Neill 
(1994b); M n 0 - M n 3 0 4 O'Neill and Pownceby (1993b); Fe304-Fe203 Hemmingway 
(1990); Ru -Ru02 O'Neill and Nell (1997); M n 3 0 4 - M n 2 0 3 Grundy et al. (2003); Pd-
PdO Nell and O'Neill (1996). Oxygen fugacity at 1.0 GPa was calculated assuming 
a constant AV of reaction using volume data from the Inorganic Crystal Structure 
Database. 
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blages is available once the constraint of chemical inertness is removed from the buffer. The 
/02 buffer assemblages employed in the present study are presented in Figure 4.1. The down-
side of the technique for producing glasses for speciation determination via XANES are that 
it necessarily involves hydrous silicate melts, which may complicate matters relative to anhy-
drous systems via formation of H-bearing species with the element of interest and potential 
quench reactions involving OH~ and H2O, and poor/o^-accuracy due to our inability to accu-
rately define the activity of H j O in H20-undersaturated silicate melts (Jakobsson et al., 2014). 
A further complication is that mafic silicate liquids require temperatures in excess of the prac-
tical T conditions for capsule materials such as Au and Ag that are least susceptible to alloying 
with Fe. Loss of Fe to the capsule material necessarily results in generation of O2, which, in a 
double capsule experiment, will result in reaction with H2, and generation of additional H2O. 
Thus, the investigator of mafic silicate liquids must resort to Pt and Au-Pd alloy capsules and 
'pre-saturation' techniques (e.g. Gaetani and Grove, 1998; Kagi et al., 2005; Botcharnikov et al., 
2005) to limit (but not eliminate) Fe-loss. 
The results presented in Chapter 3 constrain the position of the selenide-selenite transition 
to somewhere within the 7 log units of /Q^ between CCO and Ru-Ru02 at 1400 °C, 1.5 GPa. 
Therefore, any experiments designed to locate this transition require a buffer assemblage that 
will impose an/o^ within this region, or its low temperature extrapolation. As the Se^~-Se'*''' 
transition involves 6 electrons, the transition will be substantially complete in approximately 3 
log units o f / o j - Notably, there is a region of ~ 3 log units of/q^ between Re-Re02 and Fe304-
Fe203 for which evenly-spaced metal-oxide or oxide-oxide buffer assemblages are unavailable. 
This region is of particular importance as is represents the oxidised end of /Q^ conditions in-
dicated by F e ^ + / S F e of glasses and crystalline products from erupted arc magmas (Righter 
et al., 2006). 
Iron-titanium oxides for/Q, control 
To access the/o^ region between Ni-NiO and Fe304-Fe203 for which there are few buffer as-
semblages, a technique was developed involving coexisting iron-titanium oxides of the titano-
magnetite ( T m t j J and ilmenite (Ilm^s) solid solutions. Unlike pure metal-oxide and oxide-
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oxide assemblages that precisely define the chemical potential of oxygen, the composition of 
coexisting Fe-Ti oxides vary predictably with /q^ and temperature (Figure 4.2 Ghiorso and 
Evans, 2008), akin to 'sliding-scale' NiO-(Ni,Pd) (Taylor et al., 1992; Pownceby and O'Neill, 
1994a), (NiO,MnO)-Ni (Pownceby and O'Neill, 1995) and (CoO,MnO)-Co (Pownceby and O'Neill, 
2 0 0 0 ) / h ^ sensors; the (Fe,Pt)-FeO (Kessel et al., 2001; Gudmundsson and Holloway, 1993; 
Jamieson et al., 1992; Van Der Laan and Koster Van Groos, 1991; Grove, 1981) and (Au,Fe,Pd)-
FeO (Balta et al., 2011; Barr and Grove, 2010; Chamberlin et al., 1994)/q^ sensors and the (Fe,Ir)-
F e S / s j control method of Mavrogenes and O'Neill (1999). Note that the the precision of the 
Ghiorso and Evans (2008) model is less certain at T a n d / q ^ conditions where the rhombohe-
dral oxide (Ilmss) phase is cation disordered. A double-capsule experiment can be conducted 
as described above, using a pre-synthesised Fe-Ti oxide assemblage representing the/o^ of in-
terest. The technique relies on the 'redox inertia' of the assemblage. That is to say, that whilst 
the Fe-Ti oxide assemblage is not a buffer, the mass of Fe-Ti oxide material is sufficient that H2 
diffusion and consequent oxidation/reduction of the assemblage will be insufficient to signif-
icantly change the composition (and thus imposed /o^) of the assemblage from the starting 
composition. The composition of the buffer assemblage (Tmt^^ and Ilm^,) can be measured 
after the experiment and if the buffer phases prove homogeneous in composition, a n / o , can 
be calculated using the model of Ghiorso and Evans (2008). As an additional check on equi-
librium, the Ghiorso and Evans (2008) model also returns a temperature that can be compared 
with the nominal temperature of the experiment. 
Silicate glass starting material 
As outlined above, it is difficult to avoid Fe-loss in experiments involving mafic silicate Uq-
uids. Furthermore, the FeO content at iron-titanium oxide saturation in mafic liquids occurs 
at very high FeO contents. For these reasons, the present study involves hydrous granitic liq-
uids. The Fe-bearing (fRhy) and Fe-free (aRhy) starting compositions employed in this study 
are the silicate liquid compositions that result from partially melting Paricutin Andesite -I-
2.0 wt. % H 2 O (Eggler, 1972), and jRhy -I- 3.5 wt. % H2O (Chapter 3) at 885 °C, 1.0 GPa. Nom-
inal starting mix compositions are provided in Table 4.1. Reagent and analytical grade car-
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Figure 4.2.: Contours of X„n,enite (solid cyan lines) and Xui^ fi^ pinj, (broken magenta lines) gen-
erated by the Fe-Ti oxide geothermobarometer model of Ghiorso and Evans (2008). 
The tightly spaced contours in the vicinity of NNO+1 relates to the miscibility gap 
in the rhombohedral oxide (ilmenite-hematite) phase, occurring between ~0.65 
Ximenite and - 0 . 8 0 X.imenite- Xi^ emte contours are spaced at 0.01 at/o^ lower than 
the miscibility gap, and 0.02 at higher/q, . XuK-ospinel contours are spaced at 0.025 
throughout. Oxygen fugacity is referenced to the O'Neill and Pownceby (1993a) 
Ni-NiO calibration at 200 MPa, using the pressure correction of Frost (1991). Points 
mark the oxide compositions employed in this study. 
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bonates (Na2C03, K2CO3, MgCO, , MnCOs) oxides (TiOz, F e ^ . ^ j O ) , hydroxides (Si(OH)j.) 
and phosphate ((NH4)2P04) were mixed in an agate mortar and pestle under acetone, before 
pelletising and calcining at 1050 °C for 16 hours. Al(OH)3 was then mixed with the calcine, 
then the Al(OH)3-bearing mix was split into two aliquots, one of which was calcined at 1050 
°C to produce an anhydrous mix (see Chapter 3). The theoretical H2O content of hydrous 
mixes, with AI2O3 and H2O provided by Al(OH)3, are also listed in Table 4.1 (7-8 wt. %). The 
theoretical H2O content employs a calibration for the H2O content of Al(OH)3 determined by 
stepwise heating of ~ 2 g of Al(OH)3 between 200 and 1100 °C with mass loss determined after 
30 minutes of heating at 50 °C steps. Hydrous mixes were doped with selenium by taking an 
aliquot and adding 3.5 wt. % Se as Na2Se04, and diluting this with Se-free starting material 
to generate mixes with 3500,1750, 350 and 175 ppm Se. 
Fe-Ti oxide synthesis 
Tmtss and Ilm^s compositions for the present experiments were calculated using the SOAP 
web service^ implementation of the Ghiorso and Evans (2008) Fe-Ti oxide geothermobarome-
ter model. Temperature and /q^ were calculated for all combinations of Tmt^g and Ilmjs com-
positions in 0.005 mole fraction increments. Contours of Xji^g^ifg and Xui^ jQ p^ingi are presented 
as a function of T and log /o^ (ANNO; O'Neill and Pownceby, 1993a) in Figure 4.2. Once a 
suitable starting point was identified, the MS Excel goa 1 s e e k function was used to iterate to-
wards the Fe-Ti oxide composition giving the desired/q , at 900 °C. Magnetite was synthesised 
by heating Fe203 at 1300 °C under flowing CO2 for 48 hours, with regrinding after 24 hours. 
Ilmenite and ulvospinel were synthesised by heating Ti02 + Fe203 under flowing 96.5% CO 
3.5% CO2 ( l o g / o j -10.6) for 24 hours. Note that this / q , is higher than that given by O'Neill 
et al. (1988) for the iron-rutile-ilmenite and iron-rutile-ulvospinel equilibria at 1300 °C (log 
/ o j -11.95 and -11.51, respectively), such that the synthetic ilmenite and ulvospinel contained 
small hematite and magnetite components; buffer compositions were corrected accordingly. 
The 'end-member' oxides were then mixed to produce the compositions calculated from the 
Ghiorso and Evans (2008) model. Preliminary experiments with large Fe-Ti oxide to silicate 
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aRhy aRhy fRhy fRhy 
anhydrous hydrous anhydrous hydrous 
NazO 3.78 3.51 3.81 3.52 
MgO 0.41 0.38 0.68 0.63 
AI2O3 14.07 13.08 15.57 14.36 
Si02 75.33 70.03 71.37 65.85 
P2O5 0.16 0.15 0.27 0.24 
K2O 4.77 4.43 3.13 2.89 
CaO 1.11 1.03 2.49 2.29 
TiO. 0.35 0.33 0.43 0.40 
MnO 0.03 0.02 0.12 0.11 
FeO - - 2.14 1.97 
H2O 7.04 7.73 
H20,„, 16.0(12) 16.0(12) 
sum 100.00 100.00 100.00 100.00 
Table 4.1.: Nominal starting compositions for hydrous silicate melts XANES experiments. An-
hydrous mixes were generated by calcining hydrous starting material at 1050 °C for 
16 hours. HjOsa, was calculated for 900 °C, 1.0 GPa using the model of Burnham 
(1979b). All values are in weight percent. 


















-1.00 0.571 0.928 27.60 21.38 45.25 3.72 0.59 1.47 100.00 
1.00 0.273 0.605 13.08 35.98 28.92 20.11 0.49 1.42 100.00 
2.00 0.141 0.460 6.70 42.24 21.98 27.13 0.49 1.47 100.00 
3.00 0.023 0.195 2.57 46.09 14.49 34.12 0.63 2.11 100.00 
Table 4.2.: Fe-Ti oxide starting compositions employed in this study. The compositions were 
calculated to provide equimolar Imt^^ and Ilm^j with MgO + AI2O3 contents suit-
able for equilibrium with a hydrous dacite at 1.0 GPa, 900 "C. ANNO values re-
turned by the model of Ghiorso and Evans (2008) are relative to the Ni-NiO deter-
mination of O'Neill and Pownceby (1993a) at 200 MPa, using the pressure correc-
tion of Frost (1991). 
liquid ratios resulted in silicate liquids resulted in depletion of AI2O3 and MgO as these com-
ponents partitioned into the Fe-Ti oxides. Thus, the AI2O3 and MgO contents of oxides from 
these experiments were used as a guide, and the Fe-Ti oxide mix were doped with estimated 
amounts of AI2O3 and MgO to limit depletion. The composition of Fe-Ti oxide starting mixes 
are presented in Table 4.2. 
4.2.2. Encapsulation and/Q^ control 
Experiments with low solubility buffer assemblages were conducted in welded 0 3.5 mm Pt 
(Pt-PtOj), Au (Ru-RuOj) or AggoPdso (Pd-PdO) capsules loaded with layers of buffer mate-
rial (~10 mg total) above and below the sample material (~20 mg), in an identical fashion to 
equivalent anhydrous experiments (Chapter 3). To minimise plucking of buffer phases dur-
ing polishing and increase communication with the silicate melt, buffer phases were roughly 
mixed with a small amount of silicate mix (~5 mg) in an agate mortar and pestle before load-
ing. 
Double capsule experiments were conducted using inner capsules of welded 0 3.5 mm Au 
tubing loaded with ~25 mg of fRhy or aRhy composition. Welded capsules were weighed, 
soaked in acetone for ~ 5 minutes, dried with a kimwipe and reweighed. Capsules which 
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showed mass gain {i.e. infiltration of acetone), and subsequent mass loss after drying in a 110 
°C oven {i.e. evaporation of acetone) were discarded, as the weld was demonstrably untrust-
worthy. The outer capsule was a swage-sealed 0 6.3 mm Ag capsule of the type described by 
Tailby (2009), and is a scaled-down capsule of the type used by Hack and Mavrogenes (2006), 
Spandler et al. (2007) and Keller (2008). For metal-oxide (M0-M0O2, Co-CoO, Ni-NiO, Re-
ReOz) and oxide-oxide (Fe304-Fe203, Mn0-Mn304, Mn304-Mn203) buffer assemblages, the 
outer capsule was loaded with two 25-50 mg pellets of buffer material and the two Au cap-
sules, one for each rhyolite composition. The L o n e r H (Bakker, 2003) implementation of the 
Holloway (1977), Flowers (1979) and Holloway (1981) equation of state for water was used to 
calculate the density of H j O at run conditions, and the appropriate mass of H2O was added to 
the Ag capsule to ensure neither overpressure or underpressure at run conditions, which may 
cause the Ag capsule to fail. For experiments where coexisting Fe-Ti oxides were employed to 
control/oj , 0 3.5 mm Au inner capsules were prepared as above; the 0 6.3 mm outer capsule 
was loaded with 70-80 mg of an 80 wt. % Fe-Ti oxide -I- 20 wt. % fRhy mix in addition to the 
inner capsules. 
The Ag outer capsule has 1.15 mm wall thickness, whilst the inner Au capsules have wall 
thicknesses of only 0.25 mm. Thus, despite the hydrogen permeability constant of Ag being 
about double that of Au at experimental temperatures (Figure 4.3), the thickness of the outer 
capsule walls should ensure slower diffusion of H2 into or out of the double capsule system 
than diffusion into or out of the inner capsule. Indeed, Tailby (2009) was able to maintain H2 
pressures at the iron-wiistite equilibrium for at least 120 hours at 850 °C and 1.5 GPa using an 
identical capsule, demonstrating the slow outward diffusion of HT through thick-walled Ag 
capsules. 
Calculation of the /Q, of the experimental charge in (non-Fe-Ti oxide) double capsule ex-
periments was conducted as follows. First, the /Q^ imposed by the buffer assemblage was 
calculated at 1 bar using the calibrations listed in the caption of Figure 4.1. A pressure correc-
tion for 1.0 GPa was calculated assuming constant A V of reaction, using volume data from the 
Inorganic Crystal Structure Database, unless a pressure calibration was already available, as 
is the case for Ni-NiO (Campbell et al., 2009). K-^  was calculated at 900 °C using data of Robie 
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and Hemmingway (1995), where K-^ , is defined: 
= (4.2) 
logX„, = log/H,o - log/H, - 0.5 log/o, (4.3) 
Fugacity coefficients for H2O, H j and O2 at 900 1.0 GPa were calculated using the Loner 2 3 
(Bakker, 2003) implementation of the Belonoshko and Saxena (1992) EOS for gasses. The hy-
drogen pressure imposed by the buffer assemblage was calculated by combining expression 
4.2 with the/oj imposed by the buffer assemblage, and the constraint that the partial pressures 
of all fluid species must sum to Ptaial'-
(4.4) 
to produce an expression for/n^ in the outer capsule: 
P _ -'"2 
J total 
/Hj (outer capsule) ~ K^ . ^ 0 5 ' 
Hydrogen fugacity in the outer capsule was alternatively represented by rearranging Equa-
tion 4.3: 
log/H2 (outer capsule) = log "h^'o " " 'og/o^ (buffer assemblage) (4-6) 
It can be seen from Equation 4.6 that/h^ in the outer capsule is a function of the/o^ imposed 
by the buffer assemblage, and the a^^Q or/h^o th® outer capsule. Whilst the oxygen fugacity 
in the outer capsule is obviously that defined by the buffer assemblage, the/o^ in the inner 
capsule is defined: 
log/o, (inner capsule) = 2 log - 2 log/H, - 2 logK„,. (4.7) 
4.2, Experimental Methods 
As the basis of the double capsule technique is equality of/|,, in the inner and outer capsules, 
consideration of Equation 4.7 reveals that the /q^ in the inner capsule is equal to the/o^ in 
the outer capsule only if i j^jO is identical in both capsules. For the common scenario where 
"HOO the outer capsule is unity, and AHJO i " the inner capsule is less than unity, such as in 
experiments involving a HjO-undersaturated silicate liquid in the inner capsule, expressions 
4.6 and 4.7 can be combined to eliminate/H^ and produce: 
(inner capsule) = l o g / o , (buffer assemblage) + 2 l o g f l [ j ^ Q ' ' . ( 4 . 8 ) 
The activity of H j O in a HjO-undersaturated silicate liquid is defined by: 
silicate liquid 
"HJO - T-
where/j^ Q is the fugacity of pure H2O. If H2O is assumed to behave ideally when dissolving 
into a silicate liquid, (i.e. A H J O ~ ^ H J O ; Botcharnikov et al., 2005), A H J O can be defined: 
^ s i l i c a t e liquid 
^sil icate liquid _ H2O ^QJ 
H2O ^ s a t u r a t e d silicate liquid ' 
As the present experiments involve HjO-undersaturated silicate liquids in the inner cap-
sule, it is necessary to determine the activity of H j O in the silicate liquid, and thus the H j O 
content at saturation for aRhy and fRhy compositions. Water contents at H20-saturation in 
silicate liquids at 900 °C, 1.0 GPa are very high ( -15-18 wt. %) and are thus difficult to quench 
without vesiculation (using the piston cylinder apparatus), such that conducting an experi-
ment to determine H2O solubility limit for aRhy and fRhy composition at 900 °C, 1.5 GPa was 
not attempted. Instead, the H2O content at saturation was estimated by taking the average of 
the H- ,0 content returned by the model of Burnham (1979b), and estimations from the results 
of Hermann and Spandler (2008) and Holtz et al. (2001) (Table 4.1). 
For the experiments employing the Fe-Ti oxide/q^ control method, flH20 is assumed to be 
equal in the inner and outer capsules, as the silicate liquids in the inner and outer capsules 
are of similar composition and H2O content. Direct measurement of the H2O content of the 
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Figure 4.3.: Ratio of hydrogen permeability constants ()Cn,^ ,tai) of noble metals to the H j per-
meability constant of Au (k^U), the least H j permeable metal determined by Chou 
(1986). All metals are effective hydrogen membranes at the temperature range il-
lustrated. Note the rapid convergence of H2 permeability constants above 600 
At the temperature of the present study, 900 /CAg/KAu = 1-91-
the silicate liquid in the outer capsule via Fourier-transform infrared (FTIR) reflectance spec-
troscopy was not possible due to the abundance of Fe-Ti oxide grains. 
High pressure methodology 
Experiments were conducted in an end-loaded piston-cylinder apparatus using a 15.875 mm 
(5/8") NaCl-MgO assembly with a 10 m m inside diameter graphite heater for swaged Ag cap-
sule experiments, and a 12.7 m m NaCl-MgO-graphite assembly for single capsule experi-
ments. Teflon foil formed a low-friction interface between the pressure medium and the pres-
sure vessel wall. Temperature was controlled via a Eurotherm PID controller that monitored 
temperature via a Type B (Pt7(,Rh.,j,-Pt^_jRhg) thermocouple insulated in 2-bore mullite tub-
ing. A 0.5 mm thick disc of MgO separated the thermocouple bead from capsules in single 
capsule experiments. Temperatures reported herein are thermocouple temperatures. Tailby 
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(2009) conducted an extensive investigation into temperature distribution within the 0 6.3 mm 
swaged Ag capsule, suggesting that temperature variation within a pyrophyllite filled capsule 
may be up to 35 °C lower than the control thermocouple at a nominal temperature of 900 =C 
and pressure of 35 kbar. These results are consistent with unpublished experiments by the 
author investigating temperature gradients in swaged 0 9.525 mm p/g") Cu capsules at 1.0 
GPa, 800 °C via quartz solubility. Thus ~ 3 5 °C can be considered a maximum expected tem-
perature variation for the current experiments, as the Ag capsule is filled with two smaller Au 
capsules, and H j O which will reduce temperature gradients by conduction and convection 
respectively. 
For experiments involving large Ag capsules (double capsule experiments), run conditions 
were approached by pressurising to the experimental pressure, followed by heating at 50 
°C-min~' to experimental temperature. The large thermal mass of thick walled Ag capsules 
makes heating at faster rates a dangerous endeavour when using a PID controller tuned for 
assemblies containing smaller capsules. Excess pressure arising from thermal expansion was 
bled during and after the temperature ramp. All experiments were conducted at 1.0 GPa, 900 
°C. Run durations were 24-36 hours (Table 4.4). This duration is considered sufficient to reach 
/ o j equilibration based on the findings of Gaillard et al. (2002) that ferrous/ferric equilibrium 
is attained in hydrous silicate melts in a matter of hours at 800-1000 °C. Recent experiments in 
this laboratory (Vasiliev, 2013) and also experiments by Woodland and O'Neill (1997) using the 
large Ag capsules and Fe-Pd or Fe-Ir/o^ sensor alloys demonstrate equilibrium under similar 
temperature conditions and durations. Experiments were quenched when the PID controller 
cut power to the furnace at the end of the program. No attempt was made to ensure isobaric 
conditions during quench. 
After each experiment, single capsule and Fe-Ti oxide double capsule experiments were 
extracted from the piston-cylinder assembly and cast under vacuum in Struers Epoflx epoxy 
resin to form 25 mm epoxy discs, which were subsequently sectioned with a diamond saw and 
polished on cloth laps with 6 , 3 , 1 and V4 Jim diamond paste. For double capsules with H j O in 
the outer capsule, the capsule was extracted from the sample assembly and all adhering MgO 
removed. The Ag capsule was secured in a lathe via a collet and the bottom of the capsule 
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faced with a carbide tipped tool. Many light facing cuts were taken until H2O was observed 
to bubble (or spray violently) from the capsule. Once the bottom was completely removed the 
capsule was placed into a beaker of deionised H2O, and agitated in an ultrasonic bath until 
the Au capsules separated from the Ag outer capsule. Buffer material was collected from the 
beaker and analysed via XRD to confirm the presence of all buffering phases. Au capsules 
were cast in epoxy resin and prepared as described above. 
4.2.3. Analytical Methods 
SEM EDS and LA-ICP-MS 
Silicate glasses were analysed for major elements using a JEOL JSM6400 SEM (Scanning Elec-
tron Microscope) equipped with an Oxford Link-ISIS Pentafet EDS system. Beam conditions 
consisted of an accelerating voltage of 15 kV, a beam current of 1 nA and a counting livetime 
of 100 seconds. Silicate glasses were analysed by rastering a ~150 nm diameter beam over 
an area at least ~23 [im x ~30 fim, resulting in an average current density of less than 0.0014 
nA/(,(m^. Sodium-loss as a function of raster area was extensively investigated and the results 
of this study are presented in Appendix A. As many of the glasses in this study were vesicular, 
analysing such large areas necessarily includes vesicles in the analysis, resulting in reduced 
analytical totals. Such a compromise is acceptable as H2O contents were determined indepen-
dently by FTIR, rather than by difference from 100, and oxide molar ratios appear unaffected 
by the presence of vesicles/analytical total, as demonstrated by the consistency of normalised 
results, both between experiments and when compared to the nominal starting composition. 
Each experiment was analysed 6-12 times. 
Analysis of small Fe-Ti oxide grains embedded in silicate glass presents challenges. At the 
conditions of the present study oxide grains grow to a size of less than 20 |(m and typically 
5-10 fim, a size not much larger than the excitation volume produced by an electron beam 
at 15 kV. The feature that makes Tmtjs and Ilmsj useful to this study also makes them diffi-
cult to analyse via electron beam methods, as the Fe^+ ratio is unknown a priori, a 100% 
total and stoichiometry can no longer be employed as indicators of analytical quality. Eurther-
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more , the surrounding glass also contains weight percent levels of all the elements present in 
the Fe-Ti oxides, such that glass contaminated analyses are not always immediately obvious. 
To take advantage of the fine b e a m diameter and superior imaging afforded by lanthanum 
hexaboride filaments, Fe-Ti oxides were analysed using a Hitachi 4 3 0 0 S E / N Field-Emission 
SEM equipped with an Oxford Inca 350 EDS system (30 m m ^ Si(Li) detector) at an accelerating 
voltage of 15 keV, a b e a m current of 600 picoamps and 60 seconds livetime. An EDS spectrum 
was saved with each analysis to aid with identification of glass-contamination, by monitoring 
Si, Na and K peaks. For each experiment , 16 grains of each Fe-Ti oxide phase were analysed 
(32 total per experiment) ; careful fine-tuning of the back scattered electron image was neces-
sary to differentiate between the two phases. Mineral formulae were then calculated using 
a MS E x c e l / V B A implementation of the 'statistically most-probable stoichiometric formulae' 
algorithm described by Dollase and N e w m a n (1984). 
Selenium contents of the glasses were determined via LA-ICP-MS. The LA-ICP-MS system 
consisted of an A N U H e l E X laser ablation cell and sampling system utilising a 193 nm ArF 
excimer laser (Lambda Physik COMPex) feeding an Agilent 7700S ICP-MS (RF power = 1350 
W; ablation cell gas flow = 0.3 L min~^ He + 0.02 L min~^ H2; auxiliary gas flow = 1.0 L min^^ 
Ar), located at the Research School of Earth Sciences, Australian National University. Data ac-
quisition involved a 20 second background measurement followed by 45 seconds of ablation, 
employing an 81 jim diameter laser spot, 5 H z repetition rate and 50-55 m j fluence. Se was 
monitored by counting on masses 77 and 82 (corresponding to ^^Se and ®^Se), for which there 
are only minor isobaric interferences (Jenner et al., 2009), and in any case the interferences will 
be o v e r w h e l m e d by the high Se concentrations of the analysed glasses. Samples were anal-
ysed by bracketing every 9 unknowns with analyses of N1ST610 and BCR2G reference glasses; 
the Se content for NIST610 of 1 1 2 + 2 ppm, determined by Jenner et al. (2009) was employed 
for quantification; all other values for NIST610 were obtained from Jochum et al. (2011). Cal-
c ium abundances determined by SEM EDS analysis were used as the internal standard. Each 
glass was analysed at least 3 times, and the Se contents reported in Table 4.4 are the mass 
77 quantifications. LA-ICP-MS data reduction was conducted using the lolite package of 
Paton et al. (2011). C a r e was taken to exclude obvious Se-rich nuggets from quantification. 
I l l 
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Fourier-transform infrared (FTIR) reflectance spectroscopy was employed to determine H2O 
contents of all glasses synthesised in this study. The methodology is described in Appendix 
B. 
X-ray absorption spectroscopy 
Se K-edge XANES spectra were collected using the methodology described in Chapter 3. A 
brief summary is provided here, highlighting variations from the methodology presented ear-
lier. Se K-edge XANES spectra were recorded in a single session at the Australian National 
Beamline Facility, (Beamline 20B) at the 2.5 GeV Photon Factory at KEK, Tsukuba, Japan (Gar-
rett et al., 1995). The incident photon energy was selected using a water-cooled Si (111) chan-
nel cut crystal monochromator. The monochromator was not detuned to reject higher order 
harmonics due to a malfunctioning piezo detuner (Aitken, 2012). Se K-edge spectra of exper-
imental samples were recorded in fluorescence mode using a 36-element Canberra-Eurisys 
monolithic planar Ge array fluorescence detector equipped with XIA digital signal processing 
electronics (Foran et al., 2007; Warburton et al., 1999). Care was taken to ensure that the peak 
incoming count rate was within the linear response range of the detector, typically by altering 
the distance between the detector and the sample. Fluorescence counts were normalised to the 
incident beam flux measured by an ionisation chamber (300 mm path length; 85% N, 15% Ar) 
upstream of the sample. The beam size was defined to be 0.3 mm vertical by 5 mm horizontal 
by a slit assembly 13 metres downstream of the source, resulting in an energy bandpass of 3.48 
eV; a spectral resolution of 4.19 eV and a E/AE of 3021. The incident energy was calibrated by 
defining the energy of the maximum of the first derivative of the beamline's Se foil standard as 
12658.0 eV. The foil spectrum was recorded downstream of the sample between two ionisation 
chambers (50 mm path length; Ar). 
Silicate glass samples were presented to the beam as sectioned glass-containing capsules 
cast in 25 mm diameter epoxy discs of 8 mm thickness. Epoxy discs were mounted at 45° to 
the incident beam. Initial measurements without masking materials produced spectra with 
prohibitively poor signal-to-noise ratios, presumably due to the additional coimts seen by the 
fluorescence detector from excitation of Au L-lines (-11150-11950 eV) in the capsule walls. 
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selenide 1 selenide 2 selenite selenate 
composition composition Mount ID composition Mount ID composition Mount ID 
CujSe CMASFe JLW142 MAS2 JLW184 CMAS JLW148 
CaSe MAS2 JLW147 CMAS JLW186 NCMASTi JLW135 
NiSe NCMASTiFe JLW133 CMAS JLW187 Na2Se04 -
FeSe CujSe - NCMASTi JLW134 BaSeOj -
FeSe2 CaSe - aRhy 
NajSeOj 
JLW231 
Table 4.3.: Spectra employed as components in combinatorial analysis (in addition to native 
selenium). 
Thus, all non-glass regions of the sample {i.e. layers of buffer phases, capsule walls) were 
masked with adhesive Pb-foil tape. 
Spectra were recorded between ~12444 and ~12970 eV (x{k)=9). The pre-edge region was 
recorded from 12445 eV to 12630 or 12640 eV in 10 eV steps. The edge region was collected 
from 12630 (or 12640) to 12700 (or 12705) eV at 0.25 eV step size. The pre-edge count time was 
2 s; the edge count time was 6 seconds; in the post-edge region the step size was 0.1 in \{k) 
space, with a counting time of 2 seconds per step. Three repeat spectra were collected for each 
sample to improve the signal to noise ratio. A detailed summary of the number of scans, mask 
material, beam size, energy regions, step sizes, counting times is provided in Appendix C. 
XAS data was processed as described in Chapter 3. Se K-edge XANES spectra were subject 
to combinatorial analysis, whereby the R package nls (nonlinear least squares) was employed 
to fit each spectrum by a combination of up to 5 components, representing selenide minerals, 
selenide in glass, native Se, selenite and selenate. The individual spectra representing each 
component are detailed in Table 4.3. Unlike the linear combination fitting conducted in Chap-
ter 3, the constraint of the weights summing to unity was removed. This was done because 
many of the spectra are somewhat noisy, and the MBACK normalisation routine has acknowl-
edged poor performance with noisy samples (Lee et al., 2009). 
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Thermochemical Modelling 
The speciation of high temperature selenium- and sulfur-bearing gases were investigated via 
thermochemical modelling (Gibbs free energy minimization) using the e q u i l i b r i u m mod-
ule of the HSC Chemistry package (v. 6.1) from Outotec (Roine, 2006). Previous studies us-
ing HSC Chemistry to model volcanic gases include Gerlach (2004) and Martin et al. (2006). 
Equilibrium compositions were calculated on as a function of temperature between 700 and 
1100 °C at 10 °C intervals, and 1 bar total pressure. HSC Chemistry models high temperature 
gases as ideal gases, which is a valid assumption for high temperature, low pressure gasses. 
Gas species included in the Gibbs Free Energy minimization were CO2, CO, H2S, H2Se, SO2, 
Se02, SeO, SO3, O2 H2, HjO, Se2, and S2. 
Two sets of calculations were conducted. The first involved simple CO2-H2S or C02-H2Se 
mixtures; homogeneous gas reactions amongst these gases will produce all the major C-O-
H-S or C-O-H-Se species and provides an opportunity to contrast the behavior of sulfur and 
selenium under identical conditions. The second set of calculations involved a simplified gas 
composition from a high enthalpy fumarole (1084 °C) at the basaltic Erta Ale Volcano, Afar, 
Ethiopia (Zelenski et al., 2013). The Erta Ale composition represents gas sampled only a few 
metres from the magmatic source. The composition was simplified to C-O-H-S species only 
{i.e. HCl, HF, Nj , Ar, etc were omitted; c.f. the reduced HSC model of Martin et al., 2006). The 
composition used in calculation, in mole percent: H2O 67.2, CO2 19.5, SOj 10.6, H2S 0.7, H j 
1.3, CO 0.7. Gibbs free energy minimisation calculations were conducted on the composition 
detailed above, and the same composition with sulfur replaced by selenium on a molar basis. 
Calculations were conducted at three/Q^ conditions; in equilibrium with the assemblages Ni-
NiO and Re-Re02 (molar 10:1 buffer:gas), and via internal redox buffering (the 'gas buffer'; 
Giggenbach, 1987) wherein/Q^ is determined by homogeneous gas reactions. 
4.3. Results 
^ • • ^ r t i n / 
Figure 4.4.: BSE images of aRhy capsule from experiment D1415 (Mn304-Mn203; aRhy cap-
sule), that did not remain sealed during the experiment. Note the abundant, coarse 
vesicles indicating high HjO content, and disseminated Au blebs. 
4.3. Results 
4.3.1. Synthetic silicate glass samples 
Phase assemblages, major element and Se contents determined by SEM EDS and LA-ICP-MS, 
respectively, and experimental conditions are summarised in Tables 4.4 and 4.5. All run prod-
ucts consisted of glass with the presence of very minor amounts of crystalline phases (clinopy-
roxene, zircon and Fe-Ti oxides) in some experiments. All glasses had micron- or sub-micron-
scale vesicles. These vesicles are not considered to represent free water at experimental con-
ditions, as the amount of H2O added to the experiments, and the H2O contents determined 
by FTIR are all lower than saturation, based on the results of Holtz et al. (2001), Hermann and 
Spandler (2008) and the Burnham (1979b) model. The vesicles are interpreted to represent 
saturation of a vapour phase (presumably H2O) on quench. 
The aRhy composition glass of experiment D1415 (Mn304-Mn203) and the fRhy composi-
tion glass of experiment C4195 (Mn0-Mn304) are two experiments where it can be concluded 
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that the Au inner capsule was not sealed. As shown in Figure 4.4, the glass contains a high den-
sity of ~ 2 Jim vesicles, which are interpreted to represent quench vesiculation, and their high 
density and size (relative to other experiments) reflects the high H2O content of the melt. Fur-
thermore, almost all selenium was leached from the glass (Table 4.4). Saturation in a vapour 
phase at run conditions is unlikely to produce the evenly spaced, small vesicles observed in 
the present experiments. Instead, irregularly spaced, variably sized vesicles, such as those 
observed in the anhydrous PtOj experiments (Chapter 3), or the failed 1400 °C Re-Re02 ex-
periments are expected when a glass is saturated with a free vapour phase. If the quench 
vesicles were present only in the double capsule experiments, they could be attributed to the 
high thermal mass and consequent lower quench rate of the double capsule assembly, but vesi-
cles are also observed in single capsule experiments, suggesting that the H2O content in the 
present experiments was simply too high to quench to a vesicle-free glass (certainly without 
ensuring isobaric quench, and possibly too high even for isobaric quench). 
All glasses exhibit lower Se contents than was added to the experiment, and Se contents were 
variable amongst the individual laser spots for all experiments except those conducted in equi-
librium with Pt-PtOi. Au was chosen as the inner capsule material as Massalski and Okamoto 
(1987) suggest there is no reported solubility of Se in Au, though the successful partitioning 
experiments between oxide slag and Cu or Ag metal (Chapter 3; Johnston et al., 2007) suggest 
that some solubihty of Se in Au metal is at least plausible. In addition to variable Se contents, 
some glasses exhibited variable colour (Figures 4.5 and 4.7, indicative of disequilibrium. In the 
case of the Ru-RuOj experiment (aRhy composition, D1421) the pink colour is coincident with 
high Se content ( - 6 5 0 ppm), and the white region is coincident with Se depletion ( - 2 0 0 ppm), 
indicating some relationship. In any case, as with the experiments of Schreiber and Schreiber 
(1993) the present experiments are compromised by apparent disequilibrium. Furthermore, 
ruthenium oxide does not produce well formed oxide grains as it does in 1400 °C experiments, 
instead forming a very fine grained intergrowth with other oxides (Figures 4.5D & E). 
The Pd-PdO experiments did not retain the Pd-PdO assemblage, instead, the PdO reacted 
with the AgPd capsule to from Ag20 that dissolved into the silicate liquid (Figure 4.7). Thus, 





Figure 4.5.: Ru-Ru02 equilibrated samples. (A) Optical image of experiment D1412 (aRhy); 
(B) Pervasive fine vesicles are typical of many experiments in this study. Field of 
view is ~100 jim; (C) Backscattered electron image of experiment D1413 (fRhy); 
Detail of interface between buffer material and glass. EDS spectrum of Ru02 in 
panel (E) is marked by '+' ; EDS spectrum in panel (F) is marked by 'x'. 











Figure 4.6.: P t -P tOj equilibrated sample f rom experiment C4190 (aRhy composition). BSE im-
ages and EDS spectra demonstrate the presence of Pt and PtOz- Location of EDS 
analysis presented in panel (D) is indicated in panel (C) by '+'. 
4.3. Results 
(Table 4.4). Without an activity-composition model for A g j O in hydrous granitic melts, it is 
not possible quantify the/o^ of the experiment, though it is clearly high, as evidenced by the 
tiigh A g j O content. As a caution to future workers, PdO is not stable in the presence of Ag 
metal. For convenience, these experiments will still be referred to as Pd-PdO. 
Inner capsules from double capsule experiments with the Re-ReOj buffer assemblage showed 
extensive evidence for alloying with the outer capsule, manifest as overgrowths of Ag-Au alloy 
on the exterior of the Au inner capsule, resulting in trapped buffer material marking the orig-
inal capsule outline (Figure 4.8). It is unclear why the Re-ReOo buffer assemblage promotes 
increased vapour transport of Ag relative to other buffer assemblages. 
Time-resolved LA-ICP-MS signal intensity plots (Figures 4.9 and 4.10) indicate that all fRhy 
composition glasses are afflicted, to some degree, by the formation selenium-bearing micro-
nuggets. Consistent with the 1400 "C Ru-RuOz experiments, there is clear evidence for the 
formation of RuSe2 nuggets. Many aRhy composition glasses also exhibit 'spiky' time-resolved 
LA-ICP-MS signal intensities. Only the Pt-PtOz, Ni-NiO, Co-CoO and some Ru-RuOj analyses 
produced the clean, low variation signals typical of analyses from Chapter 3. In many cases, it 
is unclear if spikes in selenium signal are associated with other elements, which is indicative of 
selenium minerals, or if variable signal is related to micronuggets of elemental Se, or selenium 
in the vesicles. 
Fe-Ti oxides 
Two approaches were taken for determining the/o^ and T from the Fe-Ti oxide experiments. 
The first method involved calculating the average composition of Trnt^ ^ and Ilm^s for each 
experiment, and using those compositions as input for the Ghiorso and Evans (2008) model. 
The shortcoming of this approach is that is returns only a single value for/q^ and T and pro-
vides no information on the distribution of/q^ and T values produced by the distribution of 
individual analyses. A simple R script was written to calculate a T and /q^ for every com-
bination of Tmtjjs and Ilm^s analyses, and the average and standard deviation calculated for 
this population, consisting of 160-260 results per experiment. As expected, there is excellent 
agreement between the two methods (Table 4.6), with the 'combination' method having the 
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Figure 4.7.: Textures from attempted Pd-PdO equilibrated experiments. Panels (A) and (B) 
present light and back scattered electron images of the capsule from experiment 
C4200 (aRhy composition); Panel (C) presents an EDS spectrum of material in the 
buffer layer of experiment D1417 (fRhy composition) that reacted to form Ag-Pd 
alloy; Panel (D) shows the edge of the buffer layer from experiment D1417, with 
amoeboid Ag-Pd alloy and scattered CPX grains. 
4.3, Results 
Figure 4.8.: Panels (A) and (B): Textures from experiment C4206, equilibrated at M0-M0O2. 
Panel (A) shows BSE image of capsule; Panel (B) shows bimodal vesicles and scat-
tered CPX grains (fRhy composition). Panels (C) and (D): Textures from experi-
ment D1412 (Re-Re02) showing overgrowth of Ag-Au alloy onto Au capsule and 
trapped R-Re02 buffer material. 
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Figure 4.9.: Time resolved LA-ICP-MS intensity for selected aRhy composition samples. 
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Figure 4.10.: Time resolved LA-ICP-MS intensity for selected fRhy composition samples. 
Run ID mix buffer 
NajO MgO AI2O3 Si02 P2O5 K2O CaO Ti02 MnO FeO- AgiO Se H2O « 
wt. % wt. % wt. % wt, 7o wt, % wt, % wt, % wt, % wt. % wt, % wt, % ppm wt, % SEM EDS LAICPMS 
C4206 aRhy M0 - M 0 O 2 3.55(7) 0.36(5) 15,42(8) 74,65(15) 4,46(6) 1,09(7) 0.36(10) - 50(15) 8.2 6 3 
C4207 aRhy Co-CoO 3.58(4) 0..36(5) 15.43(14) 74,66(13) 4,43(6) 1,09(5) 0..35(5) 16(62) 7.6 6 3 
D1418 aRhy NNO-1- 3.61(7) 0.37(5) 15.43(7) 74,67(8) 4,42(5) 1,10(6) 0.32(4) 6.6(2) 7.8 7 3 
D1420 aRhy Ni-NiO 3.62(5) 0.35(4) 15.40(11) 74.62(16) 4.38(3) 1,14(3) 0.34(4) 35(16) 7,8 6 3 
C4201 aRhy N N O + r 3.63(7) 0.37(2) 15.36(8) 74.65(20) 4.40(6) 1-15(4) 0,36(4) - 49(47) 7,6 7 3 
C4202 aRhy NNO+2- 3.63(10) 0.36(4) 15,47(15) 74,49(,32) 4,39(9) 1,11(.5) 0,35(8) 93(30) 7,8 9 3 
D1421 aRhy Re-ReOj 3.56(8) 0..36(2) 15.32(14) 74.69(22) 4,42(7) 1.11(8) 0,37(5) - 95(29) 7,8 9 3 
C4203 aRhy NNO+3- 3.68(5) 0.36(3) 15.34(12) 74,60(18) 4,46(5) 1-11(5) 0,.35(3) 93(21) 8,0 9 3 
C4196 aRhy Fe.iOi-FejO., 3.66(5) 0.35(5) 15.42(15) 74,48(16) - 4,49(4) 1-14(3) 0,32(6) - 210(0) 8.0 6 1 
D1412 aRhy Ru-RuO; 3,54(12) 0.34(3) 15.44(10) 74.65(21) 4,42(8) 1.12(7) 0,38(6) - 450(220) 8.5 6 3 
D1415 aRhy M n j O j - M n j O j 3.49(6) 0.33(5) 14.75(10) 72.21(29) 7.64(12) 1.11(6) 0,39(4) 0.2(1) 9.5 6 3 
C4W0 aRhy Pt-Pt02 3.66(8) 0..37(4) 1525(11) 74.76(7) 4,38(7) 1.14(6) 0„33(5) 727(74) 8.8 6 3 
C4200 aRhy Pd-PdO 4.67(7) 0.36(5) 14.61(5) 71,65(38) 0.20(7) 4.15(8) 1.12(5) 0.35(5) 2,87(34) 104(11) 8.8 6 3 
C4206 fRhy Mo-McO, 3.78(7) 0.56(9) 14.14(7) 74,89(27) 3,10(8) 2.57(6) 0,44(6) 0,29(10) 96(.36) 8.7 12 3 
C4207 fRhy Co-CoO 3.80(6) 0.58(4) 13.98(10) 73.55(21) 3,01(2) 2.46(6) 0.47(5) - 1,83(19) 145(60) 8.3 6 3 
D1418 fRhy N N O - r 3.74(8) 0.63(4) 13,79(8) 73.31(19) 0.20(3) 2,99(5) 2.53(4) 0,50(6) 2,20(7) 4.2(19) 7.5 6 3 
D1420 fRhy Ni-NiO 3.75(2) 0.56(2) 13,89(10) 73.45(21) 2.99(3) 2.47(8) 0,47(8) 0.16(3) 2,12(8) 135(13) 8.0 6 3 
C4201 fRhy NNO+1- 3.77(5) 0..57(3) 1.3,81(10) 73.37(25) 0.25(7) 2.97(6) 2.48(11) 0,46(5) 2.19(16) 26(35) 7,3 6 3 
C4202 fRhy NNO+2- 3.82(5) 0.52(5) 13.92(12) 73.39(22) 3.00(4) 2.46(7) 0,44(4) 2.15(8) 116(75) 7,3 9 3 
D1421 fRhy Re-ReOi 3.78(5) 0.60(2) 13.93(10) 73.27(29) 2,99(4) 2.48(8) 0,43(6) 2.22(8) 57(18) 7,8 6 3 
C4203 fRhy NNO+3 ' 3.78(4) 0.62(4) 13.84(9) 73.25(20) 0.15(5) 2.99(5) 2.53(6) 0,44(5) 2.24(11) - 52(57) 7.3 9 3 
C4195 fRhy M n O - M n j O , 3.71(16) 0.62(3) 13.91(13) 73,27(23) 3,32(29) 2,57(7) 0,37(6) 1.94(12) 1,1(8) 10.4 8 3 
C4196 fRhy F e j O i - F e j O j 3.70(4) 0.58(8) 13.99(6) 73,92(22) 3.00(2) 2,55(5) 0,32(6) 1.66(11) - 292(32) 8.0 6 3 
D U l . l fRhy Ru-RuO, 3.68(8) 0.59(2) 13.94(7) 74,20(19) 0.18(5) 3.05(4) 2,59(8) 0,34(4) 1.31(18) 84(49) 9.2 6 3 
D1415 fRhy MnaOj-MnzOs 3.81(5) 0.60(4) 13.97(14) 73.81(23) 3.06(6) 2,54(7) 0.41(9) 1.53(15) - 266(94) 7.8 12 3 
C4191 fRhy Pt-PtO, 3.69(8) 0.53(7) 13.91(12) 74,56(18) 0.22(4) 3,02(5) 2.55(10) 0,39(4) 1.07(11) 775(41) 9.2 8 4 






Table 4.4.: Experimental details and analytical results for hydrous Se-bearing glasses. All glasses were synthesised at 900 °C and 1.0 
GPa. Numbers in parentheses are 1 S.D. in the last digit. Fe is reported as FeO, regardess of valence state. ANNO values 
are relative to the determination of Campbell et al. (2009) at 900 °C, 1.0 GPa, flH20=l. '- ' indicates below detection limit 
or not analysed. 
4.3. Results 









C4206 aRhy M0-M0O2 0.47 -6.4 24 175 50(15) gl Y 
C4207 aRhy Co-CoO 0.44 -2.2 24 175 16(62) gl, zr i.s. 
D1418 aRhy N N O - f 0.45 -0.2 36 175 6.6(2) gl i.s. 
D1420 aRliy Ni-NiO 0.45 -0.7 36 175 35(16) gl i.s. 
C4201 aRhy N N O + r 0.44 0.8 36 175 49(47) gl Y 
C4202 aRhy NNO+2' 0.45 1.4 36 175 93(30) gl Y 
D1421 aRhy Re-ReOj 0.45 1.3 25 175 95(29) gl Y 
C4203 aRhy NNO+3- 0.46 2.3 36 175 93(21) gl Y 
C4196 aRhy Fe304-Fe203 0.46 3.6 36 350 210(0) gl, zr, (Ag,Au) Y 
D1412 aRhy RU-RUO2 0.49 6.8 36 1100 450(220) gl Y 
D1415 aRhy MrijOi-MnjOa 0.55 10.4 36 350 0.2(1) gl, ox, (Ag,Au) n.a. 
C4190 aRhy Pt-PtO, 0.51 10.9 24 1100 727(74) gl Y 
C4200 aRhy Pd-PdO 0.51 11.7 36 1100 104(11) gl,(Ag,Pd) Y 
C4206 fRhy M0-M0O2 0.50 -6.4 24 175 96(36) gl Y 
C4207 fRhy Co-CoO 0.48 -2.1 24 175 145(60) gl, cpx, FeSe Y 
D1418 fRhy N N O - r 0.44 -0.2 36 175 4.2(19) gl I.s. 
D1420 fRhy Ni-NiO 0.46 -0.7 48 175 135(13) g l c p x Y 
C42ni fRhy N N O + r 0.42 0.8 36 175 26(35) gl Y 
C4202 fRhy NNO+2* 0.42 1.4 36 175 116(75) gl Y 
D1421 fRhy Re-Re02 0.45 1.4 25 175 57(18) gl Y 
C4203 fRhy NNO+3* 0.42 2.3 36 350 52(57) gl Y 
C4195 fRhy Mn0-Mn304 0.60 3.5 36 175 1.1(8) gl, ox, AgjSe i.s. 
C4196 fRhy Fe304-Fe203 0.46 3.6 36 350 292(32) gl,ox Y 
D1413 fRhy RU-RUO2 0.53 6.8 36 1100 84(49) gl Y 
D1415 fRhy Mn304-Mn203 0.45 10.3 36 350 266(94) gl,ox n.a. 
C4191 fRhy Pt-Pt02 0.53 11.0 24 1100 775(41) gl.pt Y 
D1417 fRhy Pd-PdO 0.48 11.7 36 1100 491(58) gl,cpx,(Ag,Pd) Y 
Table 4.5.: Details of hydrous XANES experiments. Se is repeated from Table 4.4 for conve-
nience. (iH^o was calculated using H j O content determined by FTIR (Table 4.4) 
and HjOs^/calculated via the model of Burnham (1979b). Abbreviations: gl: glass; 







MgO AI2O3 TiOz Si02 FeO FejOs y 
r 11 Phase 
/o. T /o. T 
wt. % wt. % wt. % wt. % wt. % wt. % avg. avg. comb. comb. 
C4201 
0.75(6) 0.33(6) 40.53(110) 0.06(7) 35.19(88) 23.13(194) 4.59(772) 13 nm^s 
-0.17 936 -0.20(27) 933(39) 
0.51(5) 2.51(15) 10.87(36) 0.22(6) 41.08(35) 44.81(64) 5.19(566) 16 Tmtss 
C4202 
0.58(12) 0.45(6) 30.52(215) 0.08(9) 26.51(170) 41.86(385) 3.41(108) 10 
0.82 933 0.82(5) 931(12) 
0.62(6) 2.40(17) 6.51(45) 0.16(9) 36.77(50) 53.54(110) 4.66(204) 16 Tmt^, 
C4203 
0.53(8) 0.73(8) 22.90(136) 0.06(8) 19.71(117) 56.07(249) 3.11(157) 11 n^ss 1.29 816 1.42(17) 854(64) 
0.79(7) 2.83(11) 3.50(37) 0.15(21) 33,77(47) 58.95(89) 2.00(88) 16 
D1418 
0.80(11) 0.31(4) 47.16(86) 0.06(8) 41.05(82) 10.61(160) 11.36(615) 16 Ilmss 2.31 881 2.30(31) 884(127) 
0.52(8) 4.20(32) 15.57(72) 0.34(17) 45.90(66) 33.46(120) 13.07(1011) 16 Tmts3 
Table 4.6.: SEM EDS analyses of Fe-Ti oxides. FeO and F e j O j were calculated via the 'Statistically most probable stoichiometric 
formulae' method of Dollase and Newman (1984); log/o^ and T calculated using the Ghiorso and Evans (2008) Fe-Ti 
oxide geothermobarometer model; values identified as avg. were calculated using the average composition of the each 
phase, whereas the coinb. values were calculated as the average of the population arising from/o^ and T determinations 




advantage of describing the distribution of results. The Fe-Ti oxide/Q, control method was 
successful, inasmuch as each experiment produced an /o^ demonstrably different from the 
others, and calculated post-run /Q^S were roughly similar to the intended/Q^. AS a series in-
tended to cover 4 log units of the calculated /Q, values cover 2.5 log units. Consistent 
with the ambient/q^ of the RSES assembly being approximately NNO, the experiments with 
intended/oj greater than NNO were reduced during the experiment, roughly in proportion 
to their distance from NNO, and the single experiment more reduced than NNO ended the 
experiment more oxidised than the starting/o^. For convenience, the experiments will be re-
ferred to by the intended/Q^ modified by an asterisk (e.g. NNO+1*). Nevertheless, this series 
of experiments was successful in achieving the primary goal of producing experiments at dis-
tinct/Q^S. There is ample scope for future refinement of the Fe-Ti oxide technique, from both 
experimental and analytical perspectives. 
The initial supposition was that the Fe-Ti oxide assemblage would have sufficient 'redox 
inertia' to maintain an /Q^ similar to the starting material. The Fe-Ti oxide assemblage has 
less inertia than expected, and the scatter implied by the range in Ti, Fe^ "^  and values 
reflects some degree of disequilibrium, possibly related to the relatively short duration for 
experiments involving solid-state equilibration (c/. Woodland and O'Neill, 1997). It was also 
thought that the thick walled Ag capsule would minimise hydrogen exchange with the piston 
cylinder assembly. When the hydrogen permeability relations presented by Chou (1986) are 
considered, it can be seen that, whilst wall thickness does have a strong effect on the rate of 
hydrogen permeation, the greater length of the swaged Ag capsule somewhat negates the 
effects of wall thickness. This can be seen in the expression for mass transfer of hydrogen 
across a cylindrical membrane 
dMn, l - n - K - l - - a n t e r n a K O . 5 _ //extemaKO.S, 
dt ln(rinternal/rextcrnal) [ I ( / H " ) - (/fl';'""'")"-®!] (4.11) 
where k is the permeability constant of hydrogen through the membrane, / is the length of 
the capsule, ri^t^rnal and r^xtemal are the inside and outside radii of the capsule, and/^' ; ' """ ' 
and /eternal thg hydrogen fugacities of the inside and external to the capsule. It can be 
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Figure 4.11.: BSE images of experiment D1418 where /q^ was controlled by FeTi oxides (at-
tempted NNO-1). (A) BSE image showing two inner capsules and surrounding 
silicate liquid + 80 wt. % FeTi oxides, contained in thick walled Ag capsule; (B) 
detail of crystal free glass in inner capsule (fRhy composition); (C) detail of sili-
cate glass -I- FeTi oxides in outer capsule. 
4.3. Results 
seen that the mass transfer of hydrogen is inversely proportional to the natural log of the ratio 
of the inner and outer diameters of the capsule, whilst linearly proportional to the capsule 
length. The relationship is presented graphically in Figure 4.12 where contours of hydrogen 
permeation rate in j ig/hour are presented as a function of wall thickness and capsule length 
for both Au and Ag at 1.0 GPa, 900 °C, with an internal /H^ equivalent to Co-CoO, and and 
external/n^ equivalent to Ni-NiO. Expression 4.11 does not account for permeation of hydro-
gen through the ends of the cylinder. Presumably the situation for large diameter capsules is 
even worse when the ends are considered. 
Se K-edge XANES 
The Se K-edge XANES results demonstrate the extreme sensitivity of the method, with XANES 
spectra were recorded for samples with Se contents as low as 26 ppm (C4201, fRhy, NNO+1*). 
Se K-edge XANES spectra collected from aRhy composition glasses are presented in Figure 
4.13 and from fRhy composition glasses in Figure 4.14. The results of combinatorial analysis 
of aRhy composition glasses are presented in Figure 4.15 and Figure 4.16 for fRhy composition 
glasses. Fit parameters are summarised in Table 4.7. 
This study involves hydrous silicate glasses, and previous work has demonstrated that hy-
drous glasses are particularly susceptible to beam damage (Wilke et al., 2008). ANBF repre-
sents possibly the best case scenario for avoiding beam damage as the Photon Factory is an 
early second generation light source, with a flux several orders of magnitude lower than seen 
at third generation focusing beamlines (3-5 orders of magnitude lower at 10.0 keV; see Table 
1 of George et al., 2012). To demonstrate the absence of obvious beam damage, examples of 
uncorrected/unnormalised consecutive scans of the same sample are presented in Figure 4.17. 
There are no significant differences scan-to-scan. This does not conclusively demonstrate the 
absence of beam damage, only that beam damage is not occurring on the timescale greater 
than a single scan ( - 4 0 minutes), which is, admittedly, a significantly longer timescale than 
necessary for beam damage in aqueous selenate solutions (George et al., 2012), europium in 
anhydrous glasses Burnham (2012), and a similar timescale for the observation of beam dam-
age for sulfur in hydrous andesitic glasses (Wilke et al., 2008). However, the aforementioned 
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Figure 4.12.: Contours of hydrogen permeation rates (fig/hour) for Ag and Au capsules as 
a function of wall thickness and capsule length at the conditions of the present 
study (900 1.0 GPa). Upper panels compare Ag and Au capsules with an 
outer diameter of 6.3 mm; lower panels compare Ag and Au capsules with an 
outer diameter of 3.5 mm. The internal hydrogen pressure is 395.9 bar (Co-CoO); 
the external hydrogen pressure is 77.4 bar (Ni-NiO). The red bars highlight the 
dimensions of outer (06.3 mm) and inner (03.5 mm) capsules used in this study. 
It can be seen that the increased wall thickness of the large swaged capsule does 
not produce a lower H j permeation rate due to the increase in capsule surface 
area arising from the increased length and diameter. 
4.4. Discussion 
examples are from beamlines with an x-ray flux orders of magnitude greater than the ANBF. 
4.4. Discussion 
Investigating the speciation of selenium in hydrous granitic liquids at high P and T is challeng-
ing. There is no extant data on the solubility of Se in hydrous granitic liquids at any/o^, and 
solubility experiments were not conducted as part of this study. Thus, Se contents necessary 
to be confident of undersaturation are unknown, and had to be crudely estimated; at IOW/Q^ 
Se may alloy with the capsule material (Au), or react with the buffer assemblage (Ru-RuO^) 
leading to concentration gradients and loss of Se from the melt; Se is prone to forming mi-
cronuggets, which has the potential to dominate the Se X^-edge XANES signal when solubility 
in the glass is low. The present experiments have been compromised by the formation of vesi-
cles on quench, related to the strategic error of adding a relatively high amount of H j O to the 
experiments and the failure to ensure isobaric quenching. As a result, selenium may have par-
titioned into the vapour phase during quench. Collecting XANES spectra at a non-focusing, 
flux limited beamline such as ANBF, at the relatively high energy of the Se K-edge, requires 
large, homogenous samples, for which all the selenium in the volume excited by the beam can 
be confidently demonstrated to be dissolved in the glass, with the absence of any other Se-
bearing phases. The presence of vesicles means that the sample produced in this study do not 
satisfy these criteria. Nevertheless, there are indications that useful information is contained 
within Se K-edge XANES data collected in this study For example, the experiments did pro-
duce contrasting Se K-edge XANES spectra for Fe-bearing and Fe-free melt compositions at 
the same/o^ conditions, indicating some role of silicate melt composition in selenium specia-
tion, and there is a change in Se K-edge XANES spectra for both compositions with increasing 
/ o j . Whilst it is not possible to provide a unique interpretation of the data due to uncertainties 
associated with quench modification, heterogeneous Se distribution, etc., a number of possible 
interpretations will be provided that may inform future work. 
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Figure 4.14.: Se K-edge XANES spectra of fRhy composition hydrous silicate melts. 
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L weight Deviance 
C4206 aRhy M 0 - M 0 O 2 -5.8 0.12 CaSe 0.62 Cu2Se 0.15 Native Se 0 JLW184 0.04 Na2Se04 0.93 9023 
C4201 aRhy N N O + r 0.8 0.26 FeSe 0 JLW142 0.76 Native Se 0 JLW184 0 JLW148 1.02 3669 
C4202 aRhy NNO+2- 1.4 0.03 FeSe 0.01 Cu jSe 1 Native Se 0 JLW184 0 JLW148 1.04 5414 
D1421 aRhy Re-ReO, 2 0 Cu2Se 0 JLW142 0.92 Native Se 0.01 JLW186 0 JLW148 0.93 3056 
C4203 aRhy NNO+3> 2.3 0 Cu2Se 0 JLW142 0.96 Native Se 0.04 JLW186 0 JLW148 1 9875 
C4196 aRhy F e j O j - F e j O , 4.3 0.14 Cu jSe 0 JLW142 0.86 Native Se 0.01 JLW231 0 JLW148 1.01 6721 
D1412 aRhy RU-RUO2 7.4 0.02 FeSe 0 JLW142 1 Native Se 0.03 JLW231 0 JLW148 1.05 8045 
C4190 aRhy PtOj 11.5 0.02 NiSe 0 JLW142 0 Native Se 0.88 JLW184 0.17 JLW135 1.07 3100 
C4200 aRhy Pd-PdO 12.3 0 CaSe 0 JLW142 0.23 NaHve Se 0.62 JLW134 0.14 BaSeOj 0.99 3047 
C4206 fRhy M 0 - M 0 O 2 -5.8 0.57 FeSe 0.35 JLW147 0 Native Se 0.02 NaiSeO, 0.03 )LW148 0.97 175 
C4207 fRhy Co-CoO -1.5 0.4 NiSe 0.43 JLW133 0.05 Native Se 0.01 JLW231 0.05 JLW135 0.94 720 
D1420 fRhy Ni-NiO 0 0.51 NiSe 0.34 JLW133 0 Native Se 0 JLW134 0.04 JLW135 0.89 1169 
C4201 fRhy NNO+l* 0.8 0.33 NiSe 0.45 JLW147 0.08 Native Se 0 JLW184 0.05 N a j S e O j 0.91 549 
C4202 fRhy NNO+2- 1.4 0.84 NiSe 0.06 CaSe 0.04 Native Se 0.01 JLW231 0.02 Na2Se04 0.97 438 
D1421 fRhy Re-ReOj 2 0.67 NiSe 0.08 CaSe 0.15 Native Se 0 JLW184 0.03 Na2Se04 0.93 1139 
C4203 fRhy NNO+3' 2.3 0.11 FeSe2 0.29 CuzSe 0.54 Native Se 0 JLW184 0.04 Na2Se04 0.98 1322 
C4196 fRhy FejOi-Fe^Os 4.3 0.03 FeSe 0 JLW142 1 Native Se 0 JLW184 0 BaSeOi 1.03 6928 
D1413 fRhy RU-RUO2 7.4 0 CujSe 0 JLW142 0.94 Native Se 0.02 JLW231 0.01 JLW135 0.97 4083 
D1415 fRhy MnjOj -MnzOa 11 0.25 Cu2Se 0 JLW142 0.73 Native Se 0.03 JLW134 0 JLW148 1.01 8304 
C4191 fRhy Pt02 11.5 0.04 NiSe 0.01 CujSe 0 Native Se 0.7 JLW187 0.28 JLW135 1.03 1197 
D1417 fRhy Pd-PdO 12.3 0.04 FeSe 0.09 Cu2Se 0 Native Se 0.56 JLW134 0.37 JLW135 1.06 1603 
Table 4.7.: Linear combination fitting of anhydrous silicate glasses synthesised in equilibrium with graphite, RuOj and Ru-RuOj. 
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Figure 4.17.: Examples of consecutive scans on selected sample of aRhy and fRhy composition. 
Fluorescence data has not been background corrected or normalised. Energies of 
consecutive scans have been ahgned to a reference foil. 
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4.4.1. Fe-free glasses 
The most prominent feature of the Se K-edge XANES results for aRhy composition glasses is 
that glasses synthesised at/o^ conditions between NNO+0.8 (NNO+1*) and Ru-RuOj (NNO+7.4) 
produced Se K-edge XANES spectra with an appearance very similar to that of grey native se-
lenium, and this observation is supported by combinatorial analysis (Table 4.7; Figure 4.15). 
A straightforward interpretation is that the Se K-edge XANES spectra are due to the pres-
ence of Se". If the observed Se"-like spectra reflect Se" dissolved in the glass, the following 
assumptions are necessary: 
(1) Se in the glass is unmodified by the formation of quench vesicles {i.e. Se has not parti-
tioned into the vapour phase exsolved on quench, where it could condense to native Se 
with decreasing T); 
(2) dissolved Se" in the glass has a Se K-edge XANES spectrum that appears similar to grey 
native Se; 
(3) Se° is a species that actually dissolves in glass/silicate liquid. 
The assumptions will be addressed in reverse order. 
Firstly, Su et al. (1996) used raman and photoluminescence spectroscopy to demonstrate 
that during melting and heat treatment of optical filter glasses, diatomic selenium molecules 
(Se2/selenium dimer) form in addition to CdSe nanocrystals. Azhniuk et al. (2009) interpret 
raman spectra of heat treated alkali borosilicate glasses to reflect the presence of molecular 
Se2 'clusters'. Guha et al. (1998) employed ESR (electron spin resonance) and photolumines-
cence spectroscopy to identify the polyselenide species {e.g. Se J ) in potassium borosilicate 
glasses. Thus, there is at least spectroscopic evidence for Se° dissolved in silicate glasses, in 
the form of the selenium dimer or as a polyselenide. It is, however, unclear from any of the 
aforementioned studies, as to the abundance of the selenium species. Secondly, a collection 
of Se K-edge XANES spectra for organoselenium compounds from Weekley et al. (2011) are 
reproduced in Figure 4.18; similar spectra can also be found in Figure 1 of Sarret et al. (2005). 
The native Se-like aRhy Se K-edge XANES spectra are superficially similar to the spectra of 
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selenodiglutathione and selenocystine/sulfoselenocystine, which are complexes that involve 
Se-Se or S-Se bonds. The Se K-edge XANES spectra of selenium monolayers on the surface 
of ruthenium nanoparticles Inukai et al. (2007) are also superficially similar to the aRhy glass 
spectra in question. Rather than suggest that the spectra of the NNO+l* to Ru-RuOj glasses 
represent the ambiguous species Se", it is suggested that the spectra represent a compound 
w i^th a selenium-selenium bond, such as S e j or a polyselenide species. Furthermore, it is no-
table that the misfit between the native Se model compound spectra and aRhy glass spectra is 
related to the first oscillation above the edge crest, indicating to some degree that the local en-
vironment of Se is somewhat different to native Se, where all neighbouring atoms (both near 
and far) are necessarily Se. Finally, if the 'Se"' signal is due to selenium in vesicles, we should 
expect that at l o w / Q , , where we could be confidant that Se^" is the species dissolved in the 
glass, the spectra should represent a mixture of Se in the vesicles (presumably native Se-like) 
and Se in the glass (selenide). The spectra for the M 0 - M 0 O 2 experiment is very noisy, and 
not useful for addressing this point. The NNO-i-1* sample is best fit by only Se°. Secondly, all 
aRhy samples synthesised at/Q^ between NNO+1* and Ru-Ru02 appear like Se" and are best 
fit by native Se with weights of 0.86 or higher. Thus, Se2 or a polyselenide species dissolved in 
the glass are at least a plausible explanation for the Se K-edge XANES spectra of aRhy glasses 
synthesised between NNO+0.8 and Ru-RuOz (NNO+7.4). 
If Se2 or polyselenides represent the equilibrium speciation at experimental P and T, the 
results would then imply that Se2/polyselenide has a large stability region in hydrous granitic 
liquids at 900 °C, 1.0 GPa, extending to /Q^ greater than Ru-Ru02, in stark contrast to the 
1400 °C, 1.5 GPa data where Se''+ is the stable species at Ru-Ru02. Thus, the effect of lower 
temperature and high H j O content, is to stabilise Se2 or polyselenide species in Fe-free melts, 
different to what is observed for sulfur, where sulfur dissolves in hydrous Fe-free melts as 
H2S and H S - (Klimm et al., 2012a,b; Klimm and Botcharnikov, 2010). At higher (but sadly, 
unquantified)/oj (Pt-Pt02 and 'Pd-PdO' experiments) the Se K-edge XANES spectra and the 
combinatorial analysis (Table 4.7) indicate that selenium is present in aRhy composition glass 
as a mixture of Se^+ and Se®+. Combinatorial analysis also indicates the presence of significant 
native Se or selenide in the aRhy 'Pd-PdO' experiment, though this could plausibly reflect a 
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contribution of selenium alloyed with, or on the surface of (Inukai et al., 2007), the abundant 
AgPd alloy blebs disseminated throughout in the glass. 
An alternative interpretation of the Se K-edge XANES spectra from aRhy experiments is that 
Se is present as molecular H2Se or HSe" dissolved in the glass. This is an attractive explanation 
as it is analogous to the dissolution mechanism suggested for S in hydrous, low iron silicate 
melts (Klimm et al., 2012b,a, and references therein). As far as the author is aware, there are 
no published Se X-edge XANES spectra for molecular H2Se; the closest available spectra is 
that of (presumably aqueous) HSe~ in Figure 1 of Weekley et al. (2011) which is reproduced 
here in Figure 4.18. The spectra for HSe~ appears superficially like that of selenide minerals 
(CaSe, Cu2Se, MnSe) and the anhydrous 1400 °C graphite-equilibrated glasses, consistent with 
selenium in the 2- valence state, and unlike the native Se-like spectra of most of the aRhy 
experiments and organoselenium species with Se-Se bonds. It is unclear whether molecular 
H2Se will have a different Se K-edge XANES spectra to that of HSe~, though it is notable 
that there is significant difference between the spectra for selenocystiene (SeCys; R-Se-H) and 
deprotonated selenocystiene (SeCys"; R-Se~), reflecting the changed bonding environment 
associated with loss of H+. An alternative spectroscopic method, such as raman spectroscopy 
has the potential to provide definitive identification of selenium species. 
4.4.2. Fe-bearing glasses 
The fRhy composition glasses produced Se K-edge XANES spectra that displayed consider-
ably more variation as a function of /q^ than the aRhy glasses, and more glasses success-
fully yielded Se K-edge XANES spectra than aRhy glasses. Low/q^ experiments (M0-M0O2 
to N N O + r ) appear similar to selenide micronugget-bearing, 1400 °C anhydrous graphite-
equilibrated glasses (Chapter 3). This is consistent with selenium dissolving in the glass/silicate 
liquid as Se^", and the Se K-edge XANES spectra being a mixture of dissolved selenide and 
micronuggets. If the solubility behaviour of Se in Fe-bearing hydrous silicate liquids is analo-
gous to that of sulfur {i.e Figure 5.17), then the - 2 . 5 wt. % FeO content should result in a low 
solubility limit, consistent with the suggestion of micronuggets in LA-ICP-MS analyses. 
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Figure 4.18.: Se K-edge XANES spectra of organic selenium compounds from Weekley et al. 
(2011). Abbreviations: selenodiglutathione (GSSeSG), selenocystine (CysSeSe-
Cys), sulfoselenocystine (CysSSeCys), selenomethionine (SeMet), methylseleno-
cysteine (MeSeCys), selenocysteine (SeCys) and deprotonated selenocysteine 
(CysSe-) 
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(NNO-6.4) to Fe304-Fe203 (NNO+3.6) is that the progressive growth of the feature at - 1 2 6 5 8 
eV reflects an increasing proportion of Se dissolved as Se°/Se2/polyselemde in the glass. The 
2 electron transfer reaction between Se^~ and Se" will take approximately 8 log units of/q^ for 
substantial completion. The shoulder on the Iow/q , fRhy spectra could therefore represent 
increasing Se" contribution, and the spectra represent equilibrium speciation. It would then 
follow that Se2 or polyselenides are the stable species at high/q^ (Fe203-Fe304). The stability 
of Se^~ at 1ow/q^ in FeO-bearing glasses and not in FeO-free glasses suggests that the presence 
of FeO stabilises Se^", analogous to the addition of FeO stabilising Fe-Se complexes at the 
expense of H2S or HS~ (Klimm et al., 2012a), and analogous to the large effect FeO has on the 
sulfide capacity (Cg). 
An alternate explanation for the difference in in speciation between aRhy composition and 
fRhy composition glasses at the same/o^ conditions is the occurrence of an electron transfer 
reaction between Se and Fe during quench. As reviewed by Borisov (2013), mutual interaction 
of redox pairs must necessarily occur with decreasing T unless the unlikely condition of iden-
tical temperature dependence of the equilibrium constants of the respective redox couples is 
satisfied. For instance, with decreasing /q^ the proportion of Fe^"^ relative to ZFe increases 
and a reaction such as: 
^ ^®fsillcate liquid) + (silicate liquid) 4 Fe^+j^^^j^ liquid) + ^ liquid) (4-12) 
would be increasingly favoured, and would be consistent with the increasing selenide com-
ponent observed in XANES spectra of fRhy composition glasses synthesised with decreasing 
/ o j between NNO+3* (NNO+2.3) and Mo-MoOj (NNO-6.4). 
As with the Fe-free experiments, the speciation recorded for fRhy composition at high (but 
unconstrained) / q , (Pt-Pt02 and Td-PdO') is clearly indicative of selenium dissolving in the 
glass as a mixture of 56"+ and Se®+, with a greater proportion of Se^+ occurring in the Pt-Pt02 
equilibrated experiments. 
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4.4.3. Thermochemical Modelling 
Gibbs free energy minimisation calculations were conducted on high temperature gasses to as-
sess the stability of selenium gas species, and for comparison with analogous sulfur-bearing 
systems. The results presented in Figures 4.19 are for simple H2Se-C02 and H2S-CO2 mix-
tures, analogous to those that may be employed in a laboratory gas-mixing experiment; those 
presented in 4.20 are for Erta Ale fumarole composition, either with sulfur, or sulfur replaced 
mole for mole by selenium. The results in both figures reveal contrasting behaviour of sele-
nium relative to sulfur. In Figure 4.19 the most abundant selenium species is the selenium 
dimer Se2, even when the input mixture is 90% HjSe. In contrast, the most abundant sulfur 
species changes between H2S, S2 and SO2 depending on the starting composition and temper-
ature. 
Modelling of Erta Ale composition at fixed /Q^ conditions produced similar results to the 
simple system. The selenium dimer is the dominant Se species at all temperatures at both Ni-
NiO and Re-Re02, whereas SO2 is the dominant S species at Re-Re02, both H2S and SO2 are 
dominant at different temperatures at Ni-NiO. The internally buffered calculations produced 
what was initially an unexpected result, with Se02 being the dominant Se species, unlike all 
other calculations. However, comparison of the gas buffer panels of 4.20 reveals significantly 
higher/oj in the Se system than the S system. In both the Ni-NiO and Re-Re02 calculations, 
S-Erta Ale consumed the oxide phase, whereas oxide was produced in the Se-Erta Ale calcu-
lations, indicating that Se02 is a significantly more oxidised species than SO2, as reflected by 
its low abundance in the mineral buffered calculations. 
Assuming the thermodynamic data in the HSC Chemistry database are high quality, the 
modelling clearly indicates that Se2 is very stable amongst selenium gas species. Whilst there 
is no direct relationship between stability as a gas species and stability as a solute species in 
silicate liquids, SO2 being an obvious example of such a species, the modelling merely sug-
gests that Se2 is a far more stable species than its sulfur counterpart. It is noteworthy that there 
is no consensus on the stable selenium gas species at high temperature. The Gibbs free energy 
minimisation calculations of Symonds and Reed (1993, Fig. 6c) predicted H2Se as the domi-
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nant Se species at all temperatures between 110 and 930 °C using Mount St. Helens volcanic 
gas composition. In contrast, Gibbs free energy minimisation calculations for coal-fired power 
station flue gases by Yan et al. (2000) suggest that monatomic Se is the dominant Se species at 
high temperature under reducing conditions, whereas Se^gy Se02(g) and SeO(^) are dominant 
under oxidising conditions; H2Se was only a major species at low temperature. 
4.5. Conclusions 
The experimental approach taken herein was not successful at providing a straightforward de-
termination of the speciation of selenium in quenched hydrous granitic liquids. The original 
aim of the study was to identify the/Q^ of the selenide-selenite transition. Instead of locating 
the transition, the experiments suggest a stability field of another selenium species 
with a Se K-edge XANES spectra similar to that of native Se and organoselenium species with 
Se-Se bonds, consistent with a species such as Se2 or a polyselenide such as S e j , should the 
Se K-edge XANES spectra represent Se dissolved in the glass, rather than Se in vesicles. The 
Se2 or polyselenide-like species may be stable over a wide/Q^ region in hydrous granitic melts; 
though the stability region appears to be considerably reduced in FeO-bearing melts, electron-
transfer reactions during quench cannot be ruled out. The speciation of selenium may there-
fore be considerably different to that of sulfur, and on the basis of the results presented here 
and in Chapter 3 both elements can really only be considered to behave similarly in silicate at 
l o w / o j {i.e. CCO) and high temperature where both dissolve as 2- species. 
The original inspiration for this work was the observation of Jenner et al. (2010) that sele-
nium does not appear to degas in situations where sulfur as been lost to degassing. The ther-
mochemical modeling demonstrates that selenium speciation in the gas phase is considerably 
different to that of sulfur, and on this basis, dissimilar degassing behavior is unsurprising. Ul-
timately, however, low pressure degassing experiments of the type conducted by Lesne et al. 
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Figure 4.19.: LHS: HjSe-COj mixtures; RHS: H2S-CO2 mixtures. 
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Figure 4.20.: LHS: Erta Ale fumarole composition with sulfur replaced mole for mole with se-
lenium; RHS; Erta Ale fumarole composition. Note the difference in scale relative 
to Figure 4.19. 
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4.6. Future work 
Raman spectroscopy is a promising technique for the study of sulfur speciation in hydrous 
silicate glasses (Klimm and Botcharnikov, 2010; Klimm et al., 2012b; Wilke et al., 2011) and 
fluid inclusions (Binder and Keppler, 2011; Ni and Keppler, 2012; Jacquemet et al., 2014) and 
may prove equally useful for the investigation of selenium in hydrous silicate glasses, provided 
the technique is of sufficient sensitivity given the low Se contents of granitic glasses. Raman 
data would certainly compliment the extant XANES data. 
An alternate approach to investigating selenium speciation is avoid spectroscopy entirely 
and investigate the partitioning of selenium between melt and a crystalline phase as a func-
tion of / o , , since, if the experiments can be performed, and the crystals grown to a sufficient 
size for in situ analysis, this method requires only determination of the selenium content of the 
glass and mineral phase by LA-ICP-MS or EPMA. Partitioning data is unaffected by quench 
electron-transfer reactions in the silicate glass. The experiments conducted in this thesis in-
dicate that RuSe2 is stable to quite high/o^- Ruthenium sulfide, laurite, is similarly stable, 
as is pyrite, such that Se partitioning experiments could be conducted in a anhydrous an-
desitic/dacitic liquid saturated with RuSj or a hydrous FeSej-saturated granitic liquid. Parti-
tioning of Se between silicate melt and the sulfide phase could then provide information re-
garding selenium speciation, analogous to the slag-metal partitioning experiments conducted 
by Johnston et al. (2007). With access to a gas media pressure apparatus with direct control of 
/H^ {e.g. internally-heated pressure vessel Berndt et al., 2002), experiments involving hydrous 
basaltic liquids could be attempted, and the imprecision of determining /Q^ via Fe-Ti oxides 
could be avoided, as could vesiculation due to non-isobaric quenching. 
The Fe-Ti oxide/Q, control method may find useful application in future studies. It will 
perhaps find most utility in piston-cylinder experiments involving anhydrous intermediate 
to felsic composition liquids which can simply be saturated in a pre-synthesised assemblage 
and the /Q^ determined after the experiment by analysis, not unlike the use of the olivine-
orthopyroxene-spinel assemblage in the study of Jugo et al. (2005). There is also scope for 
using Fe-Ti oxides in a similar manner to the sintered peridotite-liner described by Gorbachev 
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et al. (2005) and Kostyuk (2011), wherein a sintered sleeve or bucket of Fe-Ti oxides could 
be employed to 'isolate' a metal capsule from a reactive silicate or sulfide liquid, permitting 
experiments to be run at/o^ conditions greater than the graphite-C0-C02 limitation. With 
experience it may be possible to predict how much the Fe-Ti oxide composition will change 
as a function of initial/q^, T and run duration, and the initial composition adjusted accord-
ingly. The obvious next series of experiments to conduct is a time series with Fe-Ti oxides in 
both outer and inner capsules, to determine the length of time required for compositions to 
converge. 
The disagreement between the results of HSC Chemistry and SOLVGAS (Symonds and Reed, 
1993) is troubling. The thermodynamic data employed by both programs for Se species should 
be reviewed. 
5. The effect of FeO on the sulfur content at 
sulfide saturation and the selenium content 
at selenide saturation of silicate melts 
5.1. Introduction 
The solubility limit of sulfur dissolved as sulfide (S^") in silicate melts occurs when the melt 
becomes saturated with an immiscible sulfide phase, such as an FeS-rich liquid, found as glob-
ules in ocean floor basaltic glasses (e.g. Mathez, 1976; Czamanske and Moore, 1977; Francis, 
1990; McNeill et al., 2010; Patten et al., 2012, 2013). The term 'Sulfur Content at Sulfide Sat-
uration' or SCSS is employed to explicitly represent the solubility of sulfur, as sulfide, S^", 
in sulfide-saturated silicate melts (Shima and Naldrett, 1975). The thermodynamic model of 
O'Neill and Mavrogenes (2002b) predicts that, at one atmosphere pressure, the value of SCSS 
in equilibrium with stoichiometric FeS melt exhibits an asymmetric U-shaped dependence on 
the FeO content of the silicate melt, caused by the balance between two competing reactions: 
(1) the positive effect of FeO in enhancing sulfur solubility at constant/q^ and /g^, which 
predominates at high FeO, versus 
(2) the negative effect of FeO in combining with dissolved in the melt to form immiscible 
FeS (solid or liquid), which predominates at low FeO. 
O'Neill and Mavrogenes (2002b) did not demonstrate the low-FeO limb of the U-shape ex-
perimentally, because the high /g^ required to achieve FeS-saturation at low FeO cannot be 
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Figure 5.1.: Data from a subset of 1200 °C, 1 bar experiments from the study of Houghton 
et al. (1974) that suggest the asymmetric U-shaped dependence of SCSS on silicate 
liquid FeO content. 
accessed in one-atmosphere experiments—partial pressures of S^ greater than 1 bar are nec-
essary. However, results of experimental studies at 1 bar, such as that of Houghton et al. (1974, 
Figure 5.1) and O'Neill and Mavrogenes (2002b) suggest, but do not conclusively demonstrate 
the presence of a U-shaped dependence of SCSS on FeO. The lack of an experimental demon-
stration may help explain why the thermodynamic basis of SCSS has been ignored in favour 
of empirical parameterisation of the available experimental data {e.g. Li and Ripley, 2005; Liu 
et al., 2007; Li and Ripley, 2009). An inherent limitation of empirical parameterisations is that 
they may provide inaccurate results when applied outside the range of experimental condi-
tions on which they are calibrated (Baker and Moretti, 2011). 
This chapter reports experiments designed to determine the dependence of SCSS on the FeO 
content of a basaltic silicate melt composition over a sufficiently large range of FeO-contents 
to unambiguously demonstrate the asymmetric U-shaped dependence of SCSS on the FeO 
content of the silicate melt. Preliminary analyses of these experiments have been reported 
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previously (O'Neill and Mavrogenes, 2002a), but were reanalysed and recharacterised for this 
study. The experimental approach developed for sulfide was then applied to determining the 
'Selenium Content at Selenide Saturation' or SeCSeS. 
Recent work has suggested that selenium does not degas from some magmas during erup-
tion (Jenner et al., 2010) under conditions where sulfur is lost (Lesne et al., 2011), thus allowing 
the original undegassed S contents to be inferred from assumed S / S e ratios. This may be re-
lated to the much lower stability of Se02(^) relative to Se^~ dissolved in silicate melt, versus 
the stability of S 0 2 ( j ) relative to S " " in silicate melt (Jenner et al., 2010). At present, there are 
no experimental data on the behavior of reduced selenium (selenide, Se^~) in silicate melts of 
geologically relevant compositions. The study of selenium in silicate melts has been restricted 
to compositions relevant to glassmaking, where it has a role in colouring (Weyl, 1959; Mtiller-
Simon et al., 2001; Riissel, 2000); fayalitic and calcium ferrite slag compositions involved in 
smelting of copper anode slimes (Nagamori and Mackey, 1977; Fang and Lynch, 1987; John-
ston et al., 2007,2010) and borosilicate glasses for high level radioactive waste immobilisation, 
where ^ 'Se is a long-life fission product (Schreiber et al., 1988; Schreiber and Schreiber, 1993; 
Bingham eta l . ,2011) . 
Selenium solubility in silicate melts cannot be easily investigated by conventional gas-mixing 
methods such as those used by O'Neill and Mavrogenes (2002b) due to: 
(1) the unavailability of S e O j as a commercial gas—SeOi is a solid at room temperature, 
which sublimes at - 3 5 0 °C; 
(2) the intractable prospect of using highly toxic H j S e gas in a laboratory gas-mixing furnace. 
Fortunately, there is no experimental impediment to measuring the SeCSeS at high pressure, 
in an analogous manner to SCSS experiments. This chapter also demonstrates that SeCSeS ex-
hibits a similar asymmetric U-shaped dependence on FeO content, with the subtle differences 
arising from the different thermochemical properties of Se and S. 
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5.1.1. Thermodynamic background 
At oxygen fugacities sufficiently reducing that sulfur occurs in silicate melts as S^" and iron 
as sulfur has been demonstrated to dissolve in silicate melts by directly replacing oxide 
anions (O^") on the anion sublattice, as described by the reaction: 
0-5 S2 (gas) + O^sUicate liquid) ^ + 0.5 O2 (gas) (5-1) 
(Fincham and Richardson, 1954; O'Neill and Mavrogenes, 2002b). The pseudo-equilibrium 
constant for Equation 5.1 can be expressed: 
InKj's.j, = + 0.5 I n / ® - - 0.5 In/I^^ - I n " " " " (5.2) 
Equation 5.2 is referred to as a pseudo-equilibrium constant as it includes charged species. 
The abundance of O"" ions in silicate melts is vastly greater than S-~ (i.e. In « 0), 
such that the term may be omitted, though it should be acknowledged that O^" abundance 
will vary with silicate melt major element composition. The expression can be thus simplified: 
InCs = ln[S] + 0.5 I n " ^ (5.3) 
fs2 
This pseudo-reaction constant (Cg) is referred to as the 'sulfide capacity' of a silicate melt, 
and [S] is the sulfur content of the silicate melt, given in parts per million by weight. This 
relationship was first proposed by Fincham and Richardson (1954) after investigation of Fe-
free Ca0-Al203-Si02 melts at 1 bar, and was tested by the experimental study of O'Neill 
and Mavrogenes (2002b), who confirmed the Fincham-Richardson relationship. O'Neill and 
Mavrogenes (2002b) used the reciprocal solid solution formalism for mixing of cations and 
anions on different sublattices to develop a model for Cg with the form: 
InCs = Ao + Y^^mAM (5.4) 
M 
where Cg is the sulfide capacity, X^ terms represent the mole fraction of cation M, A^ 
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coefficients represent the preference of a metal for sulfur as a neighbour over oxygen, and is 
a constant combining the conversion factor between weight percent and mole fraction with the 
activity coefficient for the sulfur species in the melt. The model was generated from over 150 
experiments at 1 atmosphere involving silicate melt compositions in the system CMAS+Ti+Fe 
± N a + K . The O'Neill and Mavrogenes (2002b) parameterisation of In Cg revealed that the FeO 
content of the silicate melt was by far the most dominant control on sulfur solubility, with the 
coefficient for Fe ( - 2 6 ) at least 3 times larger than the next most important cation, Ca ( - 7 . 5 ) at 
1400 °C. 
The sulfur content of a silicate melt in equilibrium with an iron sulfide phase (solid or liquid) 
can be described by: 
liquid) + 0.5 S2 (gas) ^ FeSj^ulfide liquid) + 0-5 O j (gas) (5-5) 
for which the equilibrium constant can be expressed: 
" ^ ' ^ ( S . S ) , sulf ide liquid , silicate liquid , „ r , / O 2 . . 
= ' ""PeS - ' ""peO + 0.5 1 n ^ . (5.6) 
When expression (5.3) above is combined with (5.5), the/o^ and/g^ terms are eliminated to 
produce 
, r^T ^ ^ ( 5 . 5 ) , 1 ^ , 1 sulf ide liquid , silicate liquid ,[- ryv 
l n [ S ] s c s s = j ^ j + In Cs + Inflp^g - InSp^^ ^ (5.7) 
where [SJgcss represents the 'sulfur content at sulfide saturation'. Expression (5.7) can be fur-
ther extended by including the pressure term from Mavrogenes and O'Neill (1999) to produce: 
1 rr-T ' ^ ^ ( S . S ) , ^ , , sulf ide liquid , ^silicate liquid C • P 
In [S lscss = + In Cs + In flp^s - In^FeO 
where C is a constant (for a given melt composition) representing the bulk PAV component of 
the terms of (5.7): 
^ ^ ( - A V c s + AV^5.5) + AVpeo) 
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where P is pressure in bars, and T temperature in Kelvin. 
Consideration of (5.8) reveals that SCSS is independent of / q , and /g, (whenever all dis-
solved S is S2- , Fe is dominantly Fe^^, and I n f l p " " " ' ' ' r e m a p s ~ 1), and is dependent 
on the FeO content of the silicate melt in two terms, namely the Xp^Ap, term from (5.4) and 
the Inflp^Q"'" term from (5.6). The Xp.Ap, term (and thus InCg) increases with increas-
ing FeO content of the melt, whereas Inflpgo^"" has a negative, concave upwards slope 
against FeO content of the melt. 
Presented in Figure 5.2 is In [S]scss and its component terms plotted against the FeO con-
tent (weight percent) of a sihcate melt at 1400 °C and 1.5 GPa. In the calculations, the activity 
of FeS is assumed to be 1, the activity coefficient for FeO(siijeate) 'S 1-3 (the average of all de-
terminations from O'Neill and Eggins (2002) for CMAS and CMASTi melts), and the silicate 
melt composition is the nominal composition of the haplobasalt employed in this study. The 
AG°5 5) value: 
8.474 T In T J . m o l - i (5.10) 
is taken from O'Neill and Mavrogenes (2002b), and the C parameter of -0.047 K bar"^ deter-
mined by Mavrogenes and O'Neill (1999) for a basaltic melt. The model plotted in Figure 5.2 
shows that at constant P, T and constant FeO-free silicate melt composition (herein referred 
to as 'matrix'; Doyle and Naldrett, 1987), the Inflp"^^'^ term dominates [S]scss at low 
FeO contents, and the In C^ term dominates at high FeO content, producing a characteristic 
asymmetric U-shaped curve for the dependence of [S]scss on silicate melt FeO content. For 
the range of FeO contents commonly seen in terrestrial basalts, (i.e. > 4 weight percent FeO) 
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Figure 5.2.: Component terms of the O'Neill and Mavrogenes (2002b) model calculated using 
the nominal silicate melt composition employed in this study. 
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5.2. Methods 
5.2.1. Experimental M e t h o d s 
Starting material and encapsulation 
The silicate starting material was a sintered oxide mix of the following nominal composition: 
53.0 wt. % Si02, 22.0 wt. % AI2O3,10.5 wt. % CaO, 10.5 wt. % MgO, 1.5 wt. % TiOz and 2,5 
wt. % NajO. Reagent or analytical grade oxides and carbonates were ground under acetone 
in an agate mortar and pestle before pressing into pellets and firing at 1100 °C in air for 16-24 
hours. FeO was subsequently added as synthetic wiistite (nominally FeO, but almost certainly 
nonstoichiometric), which was produced by firing synthetic hematite at 1300 °C under a 30% 
C02-70% CO atmosphere. Mixes for Se experiments were prepared using synthetic fayalite as 
a source of FeO (produced by firing synthetic hematite and synthetic quartz at 1300 °C under 
a 50% C02-50% CO atmosphere). Fayalite was added to an aliquot of Si02-deficient, FeO-free 
base mix to create a 20 wt. % FeO mix. Intermediate FeO contents were achieved by mixing 
the FeO-free and 20 wt. % FeO mixes. 
The majority of SCSS experiments were contained in graphite-lined 0 3.5 mm welded Pt 
capsules, whilst a few experiments were conducted using Re capsules (see below), as detailed 
in Table 5.1. Medard et al. (2008) suggest that the graphite-in-Pt technique produces/o, condi-
tions equivalent to CCO-0.7 (lW-i-1.5 or FMQ-2.2) at 1360 °C and 1.5 GPa. At such conditions, 
Fe2+ will dominate over Fe^+ (Schreiber, 1987; Kress and Carmichael, 1991; Berry et al., 2003a; 
Wilke et al., 2004) and all sulfur (and by analogy, all selenium) is known to exist in the -2 va-
lence state (Fleet et al., 2005; Metrich et al., 2009; Jugo et al., 2010; Klimm et al., 2012a), The 
maximum/q^ attainable with such a capsule assembly is CCO, where the silicate melt is sat-
urated with pure CO2 vapour, and f o ^ f c o and / cOj are all at their maxima for equilibrium 
with graphite (Ulmer and Luth, 1991; Jakobsson and Oskarsson, 1994), Thus, if Fe-loss to the 
Pt capsule does occur, it will only result in an increase of/q^ to the CCO buffer—further Fe-loss 
will merely produce CO2. 
Sulfur was added to experiments in a sandwich arrangement, with layers of reagent FeS 
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loaded above and below the silicate melt. Each layer was approximately 25% of the mass of 
silicate material, giving an overall silicate liquid to sulfide liquid mass ratio of 1. When this 
approach was used for Se-bearing experiments, it resulted in selenide melt forming a single 
large mass, which invariably contained significant quantities of Pt. On many occasions the 
selenide melt migrated out of the graphite capsule, and dissolved portions of the Pt capsule 
wall, and could be identified dyking through the surrounding MgO on backscattered electron 
images. The results of such failed experiments are not reported here. Subsequently, reagent 
FeSe was added to the oxide mixes to give a Se content of approximately 6000 ppm, an amount 
(initially inferred by analogy with SCSS and later demonstrated) sufficient to saturate the sil-
icate melt at all FeO contents investigated. Two additional experiments were conducted with 
12,000 and 24,000 ppm Se (as FeSe) to investigate the effect of the selenide liquid to silicate 
liquid ratio. 
Sulfur-bearing experiments conducted in graphite-in-Pt capsules at very low FeO contents 
in the silicate melt were also unsuccessful due to the melting of the outer Pt capsule. This is 
due to the development of an S2-rich vapour phase, as the relationships presented in section 
5.1.1 imply that sulfide saturation at low FeO contents in the silicate melt necessitates either 
high/s^ or 1ow/q^. The 1ow/q^ scenario necessitates the immiscible sulfide melt departing 
from FeS stoichiometry towards an Fe-FeS composition (not observed in our experiments), 
which is only possible, considering mass-balance in the closed system of a welded Pt capsule, 
by developing a S2-rich vapour phase. The development of a S2-rich vapour phase would 
therefore seem inevitable. 
In order to access sulfide saturation at low FeO contents in the silicate melt, necessary to 
demonstrate the U-shaped curve unambiguously, some experiments were conducted in Re 
capsules. These were fabricated by EDM (electrical discharge machining) of 0 4.0 mm Re rod, 
and consist of a simple flat-bottomed 'bucket' capsule with a disc of Re as the lid. The charge 
was loaded into the Re capsules in the same geometry as into the graphite capsules, with two 
layers of FeS sandwiching the silicate melt. 
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High pressure methodology 
Experiments were conducted using an end-loaded piston cylinder apparatus with a 12.7 mm 
cylinder bore. A NaCl-Pyrex pressure medium surrounded a graphite heater, which enclosed 
~66% dense MgO pieces surrounding the capsule and thermocouple. Teflon foil formed a low-
friction interface between the pressure medium and the pressure vessel wall. Temperatures 
were monitored via a Eurotherm PID controller using Ptq4Rhf, - PtyoRhjo (Type B) thermo-
couples (Klemme and O'Neill, 2000) housed inside two-bore mullite tubing, with the lower 
10 mm replaced with high-purity AI2O3 tubing. No correction was applied for the effect of 
pressure on thermocouple EMF. 
Experiments were performed by pressurising 2/3 to of the final pressure at room temper-
ature (via a hand pump) before heating at 150 °C min~^ to - 6 0 0 °C, at which stage the pyrex 
glass begins to soften, followed by raising P and T simultaneously, with the final pressure typ-
ically being reached by 1000 °C. All experiments in this study were conducted at 1400 °C and 
1.5 GPa. No friction correction was applied, as the ANU NaCl-Pyrex-MgO assembly is con-
sidered frictionless at the conditions of the present study. Pressure was maintained within 
50 MPa of the nominal value during experiments. Experiment durations were 6 hours for 
sulfur-bearing experiments, and 36 hours for most selenium-bearing experiments. Liu et al. 
(2007) demonstrate that 6 hours is sufficient time to reach equilibrium in similar experiments 
at 1250 °C, 1.0 GPa; Holzheid and Grove (2002) suggest that S contents of silicate liquids satu-
rated with sulfide liquid become constant after ~ 3 hours at 1450 °C, 1.0 GPa; Mavrogenes and 
O'Neill (1999) observed constant S contents in glass for experiments run 4 hours or longer at 
1400 °C and P > 0.5 GPa. Experiments were quenched automatically by the Eurotherm PID 
controller end of the program. No attempt was made to ensure isobaric quenching. 
Capsules were extracted from the sample assembly, and cast in epoxy resin. For Se-bearing 
experiments the surrounding MgO and thermocouple were typically kept intact and cast along 
with the capsule. Epoxy discs were sectioned with a diamond saw to produce two mounts, 
each with longitudinal sections of the capsule. After sectioning the cut surface was vacuum 
impregnated with epoxy resin, followed by grinding on SiC paper and polishing with dia-
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mond grit (6, 3 ,1 and 0.25 ^m) on alumina and cloth laps. 
5.2.2. Analytical Methods 
Silicate glasses were analysed for major elements using a JEOL JSM6400 SEM (Scanning Elec-
tron Microscope) equipped with an Oxford Link-ISIS Pentafet EDS system. Beam conditions 
consisted of an accelerating voltage of 15 kV, a beam current of 1 nA, a livetime of 100 sec-
onds. Silicate glasses were analysed by rastering a - 1 5 0 nm diameter beam over an area of 
- 1 5 vim X - 1 5 i-im, resulting in an average current density of 0.0012 nA/fim^. Sodium-loss 
has been demonstrated to be insignificant under such analytical conditions. Each experiment 
was analysed 6-15 times. The volcanic glass standard VG2 was used as a primary quantifi-
cation standard for SEM EDS analysis of basaltic glasses, and was analysed 8-15 times every 
session. The average of all VG2 analyses for the session were normalized to the published 
composition (Jarosewich et al., 1980) and the normalization factors applied to all unknowns 
from that particular session. 
Sulfur-bearing experiments were analysed via EPMA WDS using two methods, once using 
a Cameca CAMEBAX instrument employing the method of O'Neill and Mavrogenes (2002b) 
and the other using the Cameca SXlOO employing a similar peak integral method to that of 
Jenner and O'Neill (2012), using barite as the S standard; both instruments are/were located 
at the Australian National University. Both datasets agree to within 1 standard deviation, 
and therefore have been treated as a single dataset, largely because two mounts (D0058 and 
D0063) are no longer available for re-analysis by the SXIOO. Basaltic glass standard VG2 was 
used as a secondary standard for sulfur, and was analysed several times per session. O'Neill 
and Mavrogenes (2002b) report an average S content of VG2 of 1403 + 31 ppm. A total of 21 
analyses of VG2 using the SXIOO during this study produced an average of 1392 ppm + 61 
ppm S. 
Selenium-bearing experiments were analysed for Se using a Cameca SXIOO located at the 
University of Oregon. A 20 kV accelerating voltage, 40 nA beam current and a 10 ^m spot 
size, with a counting time on the Se La peak of 300 seconds. Zinc selenide was employed as 
the Se standard. Backscattered electron images were employed to avoid compromising the 
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analysis by including selenide melt blebs. Analyses with obvious contamination, identified 
by elevated Se coincident with elevated Fe/Si or Fe/Ca ratios were omitted. 
Quenched sulfide and selenide were analysed via EDS using the JEOL JSM6400 SEM at 15 
keV, 1 nA and 100 seconds livetime. Selenide blebs were typically analysed in spot mode, due 
to their small size. Every attempt was made to analyse as large, well-polished areas as possible 
when analysing sulfide layers. Pyrite was used as the standard for Fe and S; native selenium as 
the standard for Se; Re metal as the standard for Re; Pt metal as the standard for Pt. Synthetic 
Cu2Se, NiSe and Fe(i_j.)Se were analysed during analytical sessions as secondary standards 
for Se. 
5.3. Results 
5.3.1. Sulfide-saturated experiments 
Sulfide-saturated experiments produced two immiscible liquids, one a basaltic silicate liquid 
and the other an iron sulfide liquid. The recovered quenched silicate glasses were free of 
crystals and vesicles. Run conditions, capsule material, major element and sulfur contents 
of silicate glasses from sulfur-bearing experiments are presented in Table 5.1. Silicate glasses 
contained between 900 and 6000 ppm S, and display the predicted asymmetric U-shaped de-
pendence on the FeO content of the silicate melt, as demonstrated in Figure 5.3. Also demon-
strated in Figure 5.3 is the identical S contents of glasses from both Re and graphite-in-Pt 
capsules at ~10 weight percent FeO. 
The sandwich arrangement of sulfide-bearing experiments was preserved during each ex-
periment, although <10 }im blebs of sulfide liquid were disseminated throughout the silicate 
glass (Figure 5.4. Sandwich experiments with FeO contents >15 wt. % produced abundant, 
semi-regularly spaced sulfide blebs ~ 1 (im in diameter. The two >15 wt. % FeO mounts 
(D0058 and D0063) were not available for characterisation and re-analysis in the present study, 
though Metrich et al. (2009) interpreted the regularly spaced blebs to reflect a quench artefact. 
SEM EDS analyses of sulfide blebs are presented in Table 5.2. In almost all experiments, the 
upper layer of sulfide (i.e. the layer contacting the lid) became contaminated with Pt (Fig-
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Figure 5.3.: SCSS of basalt as a function of FeO content. Graphite-in-Pt encapsulated experi-
ments are coloured blue; Re encapsulated experiments are coloured red. 
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Figure 5.4.: Backscattered electron images of (A) capsule and (B) sample from Run D0066. 
Scale bar in both panels is 1 mm. 
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Figure 5.5.: Backscattered electron images of quenched sulfide liquids from graphite-in-Pt ex-
periments. (A) Pt-free sulfide from lower layer of Run D0064; (B) Sulfide liquid 
migrating along the interface between graphite capsule and lid and dissolving Pt 
from outer capsule (Run D0055); (C) Lightly Pt-contaminated upper sulfide layer 
of Run D0066; (D) Heavily Pt-contaminated upper sulfide layer of Run D0064 (c/ 
panel A). Scale bar is 10 jim in panels A, C and D; 100 fim in panel B. 
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Figure 5.6.: Backscattered electron images of (A) longitudinal and (B) radial sections through 
Re capsule experiments showing sulfide liquid wetting Re metal to form a film 
between the silicate liquid and capsule. Scale bar is 1 mm in both panels. 
Run ID NazO MgO AI2O3 Si02 CaO TiOz FeO S 
n n capsule 
(majors) (sulfur) material 
D0094 2.73(48) 10.39(15) 20.68(53) 53.05(59) 10.48(28) 1.41(4) 0.60(5) 0.4313(99) 16 16 Re 
C1473 2.61(34) 10.40(29) 20.76(84) 53.47(89) 10.57(38) 1.43(5) 0.77(5) 0.4007(135) 15 15 Re 
D0093 3.41(6) 10.55(6) 21.02(20) 53.69(39) 10.88(6) 1.44(1) 0.91(7) 0.3490(115) 5 5 Re 
D0052 2.62(45) 10.38(5) 21.01(21) 53.60(48) 10.77(11) 1.45(5) 1.71(5) 0.2100(99) 16 16 Re 
D0065 2.40(42) 9.92(12) 20.13(27) 51.34(61) 10.25(31) 1.40(5) 3.77(9) 0.1202(164) 15 15 graphite-Pt 
D0064 2.39(35) 9.99(13) 20.00(25) 51.04(26) 10.21(20) 1.38(4) 4.43(16) 0.0973(247) 16 16 graphite-Pt 
D0066 2.41(45) 9.84(14) 19.75(33) 50.50(36) 10.06(8) 1.38(4) 5.88(10) 0.1139(211) 13 13 graphite-Pt 
D0055 2.42(47) 9.69(9) 19.51(14) 49.37(34) 9.91(11) 1.35(3) 7.76(9) 0.1427(168) 14 14 graphite-Pt 
D1471 3.80(49) 9.53(3) 19.99(19) 48.65(34) 9.99(10) 1.36(2) 8.10(10) 0.1710(91) 12 12 graphite-Pt 
D0067 2.33(38) 9.54(8) 19.23(11) 48.74(66) 9.81(6) 1.33(4) 8.11(11) 0.1265(128) 15 15 graphite-Pt 
D0068 2.58(70) 9.27(9) 18.86(21) 48.15(45) 9.70(26) 1.33(3) 10.58(10) 0.1466(69) 16 16 graphite-Pt 
D0095 2.52(48) 9.22(5) 18.68(22) 47.75(43) 9.58(9) 1.28(3) 11.27(13) 0.1760(89) 15 15 Re 
D0057 2.53(67) 8.99(11) 18.37(25) 46.77(65) 9.44(24) 1.23(3) 13.11(10) 0.2425(72) 16 16 graphite-Pt 
D0058 2.22(14) 8.54(15) 16.67(21) 42.26(30) 8.77(11) 1.13(20) 19.29(14) 0.3042(361) 10 10 graphite-Pt 
D0063 1.95(12) 7.36(13) 14.14(18) 35.72(25) 7.41(9) 0.92(16) 30.83(23) 0.5663(698) 11 11 graphite-Pt 
Table 5.1.: EPMA analyses of silicate glasses saturated with FeS liquid. Values are in weight percent. Numbers in parentheses are 
1 S.D. in the last digit. 
?a 
a 
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Run ID S Fe Re Pt Total n Notes 
D0055 35.1(5) 59.2(12) 3.0(22) 97.3 5 upper layer 
D0055 36.4 60.9 97.4 1 lower layer 
D0057 36.0(3) 61.8(5) 97.8 6 all layers 
D0064 28.1(18) 36.6(20) 38.7(16) 103.4 3 upper layer 
D0064 37.0(7) 59.9(9) 96.9 3 lower layer 
D0065 31.9(6) 44.4(39) 26.7(51) 103 3 upper layer 
D0065 37.2(3) 59.7(2) 96.9 3 lower layer 
D0066 36.1(3) 56.4(6) 5.9(8) 98.4 3 upper layer 
D0066 36.6 58.8 95.7 1 lower layer 
D0067 35.6(8) 56.5(37) 7.6(63) 99.7 3 upper layer 
D0067 35.0(15) 61.0(3) 96 3 lower layer 
D0068 30.8(10) 45.5(17) 23.0(24) 99.3 3 upper layer 
D0068 34.6(6) 61.2(1) 95.8 3 lower layer 
D0093 36.9(2) 57.8(3) 1.9(2) 96.6 6 
D0094 37.0(3) 57.8(5) 2.4(4) 97.2 6 
D0095 34.6(13) 58.8(4) 2.2(5) 95.6 6 
C1473 36.7(3) 58.1(3) 2.4(3) 97.2 6 
D0052 36.9(1) 58.4(3) 3.3(4) 98.6 6 
Table 5.2.: SEM EDS analyses of sulfide liquid blebs. Note the variation in Pt content between 
the upper and lower layers of a single sample. Values are in weight percent. Num-
bers in parentheses are 1 S.D. in the last digit. 
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ures 5.5C & 5.5D), presumably due to sulfide liquid migrating along the interface between 
the graphite capsule and graphite lid, reaching the Pt outer capsule and dissolving Pt (Figure 
5.5B). The lower sulfide layer remained uncontaminated in all experiments (Table 5.2; Figure 
5.5A). As a result, the silicate liquid coexisted with two reservoirs of sulfide liquid with slightly 
different compositions that did not equilibrate during the course of the experiment. Therefore, 
a small chemical potential gradient existed across the silicate melt with respect to FeS, such 
that overall flp""'*^" in the sulfide liquid will be less than 1. This will lower SCSS relative 
to the case where flp"s is unity, and thus SCSS values for Pt-contaminated experiments 
should be considered a minimum for this silicate melt composition at 1400 °C, 1.5 GPa. 
Unlike graphite-in-Pt experiments where the original layered geometry is preserved, FeS 
liquids wet the Re metal capsule such that the quenched FeS liquid forms a continuous shell 
between the capsule and the silicate melt 5.6. The study of Fonseca et al. (2007) reported sulfide 
melt Re contents of less than 1200 ppm in 1-atm experiments at 1200-1400 °C, while SEM 
EDS analyses of sulfide from the present experiments, which were conducted at higher /g,, 
found a maximum of 3.3 wt. % Re dissolved in the sulfide, suggesting that the effect of Re 
on liquid ^ . j j higi^gf than jf, i_atm experiments, but still minor, and another reason 
that SCSS values from these experiments should he considered a minimum for the particular 
conditions. 
5.3.2. Selenide-saturated experiments 
Selenide-saturated experiments similarly produced crystal and vesicle-free basaltic glass sat-
urated with an immiscible iron selenide liquid that occurs as small (jim to 10s of jim scale) 
blebs disseminated throughout the glass (Figure 5.8). Major element and Se contents for Se-
bearing experiments are presented in Table 5.3, and Se contents are plotted as a function of 
FeO content of the silicate glass in Figure 5.7. Se contents of the silicate glass vary from -1000 
to ~4000 ppm Se, and also exhibit an asymmetric U-shaped relation to the FeO content of the 
silicate melt, though the relationship differs slightly from that of SCSS. On a molar basis, Se"" 
is about half as soluble as in a silicate melt of identical composition at the same P and T. 
When converted to mass fraction, SeCSeS is coincidentally the same magnitude as SCSS. In 
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Figure 5.7.: SeCSeS of basalt as a function of FeO content 
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detail, the SeCSeS 'U' is more shallow than that for sulfur and the enrichment at both high 
and low FeO is less than that observed for sulfur. Nevertheless, the presence of a asymmet-
ric U-shaped dependence on FeO content suggests the same interplay between the negative 
effect of flp'po'"'^in the silicate melt and the positive effect of the FeO component of the 
selenide capacity. High FeO content glasses did not exhibit the semi-regularly spaced ~1 i^m 
diameter blebs interpreted by Metrich et al. (2009) to be a quench artefact seen in high FeO 
sulfur-bearing experiments. 
The lower overall abundance of Se in the silicate melt suggests the selenium equivalent of 
reaction (5.5): 
FeO(5j|icate liquid) + 0 - 5 Se2(gas) ^ FeSe(se ien ,de liquid) + O . S O j i g a s ) (S H ) 
favours the RHS more than the equivalent S reaction. 
Selenide blebs were small (typically <10 jim) and abundant, requiring considerable effort to 
locate clear areas of glass sufficiently large for electron microprobe analysis. Initial attempts 
at quantifying Se via the Se KK peak at 25 keV accelerating voltage produced unacceptably 
high scatter in the analytical results, presumably due to secondary fluorescence of Se in the 
blebs by bremsstrahlung (continuum) radiation {cf. Llovet et al., 2012). Significantly improved 
results were obtained when counting on the Se La peak at 15 keV accelerating voltage. Unlike 
the sulfide liquids analysed in this and other similar studies (Liu et al., 2007), the selenide 
liquid stoichiometry did not remain at 1:1 metal:chalcogen. Instead, the Se content of the 
selenide liquid increased (Table 5.4; Figure 5.9) with decreasing silicate melt FeO content. A 
consequence of the non-stoichiometry of iron selenide liquids is that flpes""^'^ liquid 
unity in all experiments, and decreases with decreasing FeO content. 
The glasses from the silicate liquid-selenide liquid experiment series at 6000 (C2481), 12,000 
(C2482) and 24,000 (C2483) ppm added Se produced similar Se contents (1636,1549 and 1525 
ppm respectively) in the glass and values (0.88,0.84 and 0.86 respectively), sug-
gesting that SeCSeS and Xp^gf'^'^ results are not affected by the small mass of selenide 
liquid relative to silicate liquid. 
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Figure 5.8.: Backscattered electron images of textures from SeCSeS experiments. (A) Sample 
area from Run C3590; (B) detail of selenide blebs from Run C3962. Scale bar in 
panel A is 1.0 mm; in panel B scale bar is 100 ^m. 
Run ID NazO MgO AI2O3 Si02 CaO TiOz FeO Se Total n (majors) 
n 
(selenium) 
C3950 2.52(5) 10.53(8) 20.92(15) 52.79(34) 11.24(13) 1.45(6) 0.31(10) 0.1825(22) 99.94 15 9 
D1246 2.48(4) 10.63(16) 20.82(25) 52.94(46) 11.10(14) 1.41(7) 0.61(21) 0.1577(51) 100.15 13 8 
C3963 2.49(8) 10.25(7) 21.28(15) 51.94(26) 10.93(7) 1.45(6) 1.13(8) 0.1168(23) 99.59 15 9 
D1248 2.35(4) 10.07(7) 20.88(15) 51.09(20) 10.72(13) 1.37(8) 1.48(7) 0.1341(22) 98.09 10 9 
C3962 2.47(4) 10.30(8) 20.61(12) 52.06(15) 10.88(9) 1.44(6) 2.35(11) 0.1083(21) 100.22 10 9 
D1472 2.41(6) 10.23(13) 20.30(11) 51.55(32) 10.83(14) 1.40(7) 2.54(14) 0.1290(17) 99.40 9 8 
D1180 2.43(5) 10.11(11) 20.89(10) 50.90(24) 10.66(9) 1.40(5) 4.48(12) 0.1044(16) 100.97 10 9 
D1178 2.41(4) 9.79(8) 20.67(14) 49.24(21) 10.23(8) 1.37(8) 6.16(10) 0.1160(54) 99.99 10 9 
C4283 2.30(4) 9.62(6) 20.47(12) 48.60(18) 10.14(8) 1.29(9) 6.56(16) 0.1526(47) 99.14 7 19 
C4282 2.31(7) 9.62(7) 20.54(13) 48.42(32) 10.13(9) 1.28(9) 6.97(18) 0.1550(41) 99.42 6 19 
C4281 2.31(4) 9.76(8) 20.18(8) 48.92(19) 10.35(11) 1.33(5) 7.08(14) 0.1636(21) 100.09 6 9 
D1481 2.29(6) 9.51(6) 19.66(14) 47.87(25) 10.00(10) 1.34(6) 8.47(19) 0.1766(21) 99.32 6 9 
D1179 2.35(5) 9.59(8) 19.15(7) 48.35(24) 10.03(7) 1.36(5) 8.78(15) 0.1597(17) 99.77 11 9 
C4447 2,23(4) 9.21(8) 18.54(9) 46.50(38) 9.74(7) 1.30(9) 12.60(15) 0.2421(42) 100.37 6 13 
C3960 2.22(6) 8.91(9) 19.20(12) 45.13(21) 9.43(9) 1.22(6) 12.82(22) 0.2144(17) 99.14 15 8 
C3968 2.14(7) 8.57(6) 17.18(14) 43.29(17) 9.07(7) 1.21(5) 18.10(20) 0.3408(22) 99.90 10 9 
D1549 2.03(8) 8.58(6) 17.24(12) 43.38(38) 9.08(6) 1.18(5) 18.49(16) 0.3810(69) 100.35 6 13 I J l 
O j 
Table 5.3.: EPMA analyses of silicate glasses saturated with FeSe liquid. Values are in 
1 S.D. in the last digit. 
weight percent. Numbers in parentheses are ^ 
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C3950 0.06(4) 27.96(52) 67.59(134) 0.58(26) 96.20 0,37(1) 0.59(2) 0.42(2) 5 
D1246 0.16(3) 28.83(34) 69.40(49) 0.19(12) 98.58 0.37 0.59(1) 0.41(1) 5 
C3963 0.17(1) 28.85(41) 68.99(139) 0.48(31) 98.49 0.37 0.59(1) 0.41(1) 5 
D1248 0.17(2) 30.24(56) 68.09(22) 0.18(9) 98.68 0.39 0.63(1) 0.37(1) 5 
C3962 0.16(2) 31.26(69) 65.15(163) 0.29(18) 96.86 0.40(1) 0.68(1) 0.32(1) 5 
D1472 0.18(3) 32.95(60) 64.22(92) 0.46(24) 97.81 0.42(1) 0.73(2) 0.27(2) 9 
D1180 0.13(3) 33.94(34) 64.50(58) 0.58(17) 99.15 0.43 0.74(1) 0.26(1) 10 
D1178 0.13(5) 35.10(42) 62.27(95) 0.56(15) 98.05 0.44 0.80(2) 0.20(2) 6 
C4282 0.07(3) 37.07(37) 62.59(117) 0.17(11) 99.89 0.46 0.84(1) 0.16(1) 6 
D1179 0.21(5) 36.18(33) 60.86(119) 0.60(14) 97.85 0.46 0.84(1) 0.16(1) 6 
C4447 0.19(2) 35.87(120) 60.18(231) 0.84(12) 97.08 0.46 0.84(2) 0.16(2) 6 
C4283 0.15(5) 36.96(100) 61.05(245) 0.28(13) 98.43 0.46(2) 0.86(6) 0.14(6) 9 
D1481 0.24(3) 36.57(31) 60.21(66) 0.70(23) 97.73 0.46 0.86(2) 0.14(2) 4 
D1549 0.16(4) 35.97(17) 58.27(136) 0.35(13) 94.75 0.47(1) 0.87(2) 0.13(2) 2 
C4281 0.19(3) 37.41(32) 60.43(31) 0.47(14) 98.50 0.47 0.88(1) 0.13(1) 5 
C3960 0.12(2) 38.08(72) 58.36(348) 0.83(7) 97.39 0.48(1) 0.93(5) 0.08(5) 5 
C3968 0.05(4) 38.77(41) 56.92(44) 0.44(22) 96.18 0.49 0.96(1) 0.04(1) 6 
Table 5.4.: SEM EDS analyses of selenide liquid blebs. Values are in weight percent unless 
indicated otherwise. Numbers in parentheses are 1 S.D. in the last digit. 
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Figure 5.9.: Mole fraction FeSe and Se on FeSe-Se binary of selenide blebs plotted against FeO 
in the glass 
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5.3.3. Data fitting 
As a compliment to the forward modelling of SCSS using the O'Neill and Mavrogenes (2002b) 
model (Section 5.1.1; Figure 5.2), we have conducted inverse modelling to examine the effect 
of FeO on SCSS. The model of O'Neill and Mavrogenes (2002b) was rearranged such that it 
consists of only two terms, cig and ti^. The fli term contains all the FeO-related terms, whilst all 
other terms are condensed into the flg term. Thus, the expression can be condensed to reflect 
mixing between an FeO-free 'matrix' and FeO. 
For example, the mole fraction of Ca cations in Equation 5.4 is defined: 
Xc„ = ^ (5.12) 
where N/^ are cations of M per 100 g. 
However, for the 'matrix' composition the mole fracHon of each cation can be defined: 
which can be simplified to: 
= (5.14) 
We can therefore express the sulfide capacity as: 
InCs = Ao + (1 - Xf,)[Ac„X*„ + A^gX^^g + ...] + Ap.Xp, (5.15) 
and SCSS may be expressed as: 
ln[S]scss = «o + « i X f , - + (5 
where 
, ^ , C - P flo = —Fjr- + Ao + ZAmXI, (M ^ ft) + (5.17) 
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and 
rt, = -ZAMX'M (M + Fe) + Ap^. (5.18) 
The flo and a^  terms are then fit to the measured data by least squares regression. Thus, for 
the case of a haplobasaltic 'matrix' composition to which FeO is added, the model of O'Neill 
and Mavrogenes (2002b) can be reduced to an expression with inputs of only cation fraction Fe 
and mole fraction FeO in the silicate melt plus or 4 ' J s f o f the coexisting 
chalcogen liquid (approximated as 1 for the present SCSS experiments, and Xp^jl"'''® 
for SeCSeS experiments). When reduced in this way, the AQ term of the forward model (the 
prediction presented in Section 5.1.1) is 3.22 and a, is 22.39. Least squares fitting of sulfide-
saturated experiments produced flg = 3.85 and a, = 16.82, with a reduced of 3.2. The model 
is known to break down at higher FeO contents (Fig. 15 of O'Neill and Mavrogenes, 2002b), 
and high FeO content glasses are known to be affected by quench modification (Section 5.3), 
so omitting experiments with FeO > 20.0 wt. % (flg = 3.42, a^  = 22.24, x^ = 0.9) and FeO > 
15.0 wt. % (rto = 3.10, fli = 27.35, x^ = 0 3) results in an improvement of the fit. The fits to the 
experimental data are shown in Figure 5.10. 
Inverse modelling of the SeCSeS data highlights differences between SCSS and SeCSeS. Poor 
fits to the experimental data occur at low FeO contents, where the flpgo^'*^ liquid domi-
nates. Notably, the flj term for generated from fitting the Se data is 26.95, which is very similar 
to the < 15 wt. % FeO SCSS inverse model value of 27.35. The AQ term, the term encapsulating 
the unchanging compositional terms (including the AG° for the selenide equivalent of reaction 
(5.5)) is 3.09, very similar to the 3.10 from from the < 15 wt. % FeO SCSS inverse model fit, and 
only slightly lower than the 3.22 value from the forward model. This result is quite surprising 
as it suggests that the Aq and flj terms from the < 15 wt. % FeO SCSS fits will adequately de-
scribe SeCSeS (and vice versa), despite the significant non-stoichiometry of the selenide liquid. 
The similarity implied by the fits is also somewhat illusory, as it is only by coincidence that 
SCSS and SeCSeS have the similar values at a given FeO content when expressed as mass frac-
tions. If the O'Neill and Mavrogenes (2002b) model were expressed in terms of mole fraction 
SCSS then it would only predict the correct shape for the SeCSeS-FeO relationship. 
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Figure 5.10.: Comparison of forward modelling (using parameters from Section 5.1.1) and in-
verse modelling of SCSS data: 
• Forward model: Aq = 3.16; fl^ = 24.85; f - = 51.26 
• All points: Aq = 3.85; = 16.82; x^ = 3.20 
• FeO < 20 wt. %: = 3.43; a, = 22.24; = 0.87 
• FeO < 15 wt. %: Aq = 3.11; flj = 27.36; = o.25 
The forward model, and outputs from the three fits were calculated using the 'matrix' com-
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Figure 5.11.: Comparison of forward modelling (8 term, using parameters from Section 5.1.1) 
and inverse modelling of SeCSeS data: 
• Forward model: Aq = 3.18; flj = 24.84; x^ = 239.13 
• All points: «o = 3.26; flj = 25.28; x^ = 217.81 
• F e O < 1 5 w t . % : flo = 2 . 9 7 ; a i = 3 1 . 7 6 ; ^ 1 4 5 1 0 
The forward model, and outputs from the three fits were calculated using the 'matrix' 
composition listed in Table 5.5, which is the average FeO-free of composition 
of the SeCSeS dataset. SeCSeS datapoints from this study were corrected to 
s e l e n i d e l i q u i d ^^^ „ s e l e n i d e l i q u i d _ s e l e n i d e l i q u i d 
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5.4. Discussion 
5.4.1. Comparison with other models 
The results presented in Figure 5.3 demonstrate that the sulfur content of FeS-saturated sil-
icate melts exhibit an asymmetric U-shaped dependence on the FeO content of the silicate 
melt, with a minimum between 4 and 6 wt. % FeO, in agreement with the prediction from the 
thermodynamic model of O'Neill and Mavrogenes (2002b). Importantly, high pressure exper-
iments are necessary to achieve the high/g^ conditions necessary to saturate basaltic silicate 
liquids in an immiscible FeS liquid at low FeO contents. As this study is the first to systemat-
ically collect such data, extant empirical models will not have had experimental data for the 
high SCSS, low FeO limb of the 'U' as an input, and thus may not correctly predict the increase 
in SCSS at low FeO content. In this section, the performance of several models for SCSS from 
the literature are compared with the O'Neill and Mavrogenes (2002b) model. 
Figure 5.12 shows a comparison of the O'Neill and Mavrogenes (2002b) model and that of Li 
and Ripley (2005), Li and Ripley (2009), Liu et al. (2007) and Ariskin et al. (2012) in SCSS-FeO 
space. The 'matrix' input composition for each model was the average FeO-free composition 
of the SCSS experiments conducted in this study (Table 5.5). The calculations assume all Fe 
is Fe^"^and 250 ppm H2O in the silicate melt for models requiring a value for H2O content. 
Plots of the component terms for the Li and Ripley (2005), Liu et al. (2007) and Li and Ripley 
(2009) models against silicate melt FeO content are presented in Figures 5.13, 5.14 and 5.15, 
respectively. 
For the range of FeO contents observed in terrestrial basalts (typically 5-10 wt. % FeO), all 
the models produce approximately the correct slope and magnitude for the dependence of 
SCSS on FeO content. This behavior is unsurprising since most of the experimental data used 
to generate the models involve basalts of terrestrial composition with FeO contents between 5 
and 10 weight per cent. There is significant divergence at low ( < 2 wt. %) FeO content. This 
is due to the lack of a negative Inflp^Q^"" term in other models, whilst it is present in 
Equation (5.8) of the current work. The Liu et al. (2007) model predicts a concave downwards 
dependence at very low FeO contents, the opposite of what is observed experimentally, as a 
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result of the positive coefficient of the I n X p ^ l ^ ^ " ^ t e r m {Figure 5.14). Interestingly, the 
Li and Ripley (2005) model does include a negative Inflp^o""' term, and consequently 
produces an asymmetric U-shaped curve (Figure 5.13), however this term vi'as dropped in the 
2009 version of their model for a X p ^ Q ^ " ^ t e r m , resulting in the prediction of increasing 
SCSS with additional FeO for all FeO contents (Figure 5.15). The output from COMAGMAT 
(Ariskin et al., 2012) successfully produces an asymmetric U-shape, although shifted to lower 
FeO contents than the results of the present experiments. 
At high FeO contents (10-20 wt. % FeO), the models of Li and Ripley (2005), Li and Ripley 
(2009) and Liu et al. (2007) are more accurate than that of O'Neill and Mavrogenes (2002b). 
Inspection of Figure 5.2 reveals that the value for SCSS at high FeO contents is dominated by 
the sulfide capacity term (In Cg). That the model breaks down above ~15 wt. % FeO suggests 
the term for FeO may not be constant over the range 0-20 wt. 7o FeO. Further experiments 
at high FeO content are necessary to refine the model, and determine the quenchability limit of 
S in silicate melts synthesised at high pressure—that is, the SCSS content above which sulfur 
dissolved in the silicate melt at experimental P and T will exsolve on quench (c/. Markus and 
Baker, 1989). 
Whilst the model of O'Neill and Mavrogenes (2002b) accurately describes SCSS for the sili-
cate liquid investigated in this study (at FeO <15 wt. %), it has limited use as a geochemical 
modelling tool, as A ^ coefficients exist only for 1400 °C. It cannot be stressed enough that, de-
spite the occurrence of a T term in the expression for AG <5 5) (Equation 5.10) the O'Neill and 
Mavrogenes (2002b) model can only be employed at 1400 °C in its present state (see Tuff et al. 
(2013) for an example of inappropriate application of the model). Thus, in the interim while 
the model calibration is extended to other temperatures, the reader is directed towards the Li 
and Ripley (2005) model or COMAGMAT if they wish to conduct geochemical modelling over 
a rage of P, T and silicate liquid compositions. Ultimately, all the empirical models work well 
for dry basaltic liquids of 5-12 wt. % FeO, and it is only at low FeO contents that modeler need 
exercise discretion. 
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Figure 5.12.: Comparison of SCSS models calculated using the nominal silicate melt composi-
tion employed in this study at 1.5 GPa, 1400 °C. All models assume that all Fe is 
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Figure 5.13.: Component terms of the Li and Ripley (2005) model for SCSS, using the base sili-
cate melt composition investigated in this study. Note that this model calculated 
SCSS as the natural log of mole fraction S in the silicate melt, in contrast to the 
natural log of p p m S in the silicate melt calculated by O'Neill and Mavrogenes 
(2002b). 
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Figure 5.14.: Component terms of the Liu et al. (2007) model for the composition listed in Table 
5.5 a t l . S G P a , 1400 °C. 
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Figure 5.15.: Component terms of the Li and Ripley (2009) model for the composition listed in 
Table 5.5 at 1.5 GPa, 1400 "C. 
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5.4.2. The effect of 
Modelling and experiments presented so far involved sulfide liquids with a composition of 
pure FeS, i.e. = 1. Modelling of SCSS as a function of FeO content, contoured for 
values between 1.0 and 0.1 is presented in Figure 5.16. The base silicate melt or 
'matrix' composition used in the modelling is the FeO-free average major-element composition 
of 616 ocean floor basaltic glasses studied by Jenner and O'Neill (2012); the pressure used in 
the calculation is 100 MPa and the temperature is 1400 admittedly a high temperature for 
MORB, but the only temperature currently supported by the O'Neill and Mavrogenes (2002b) 
model. In most natural magmatic systems, NiO and C u j O contents of the silicate melt are 
sufficiently low to be an insignificant contribution to the sulfide capacity {cf. Evans et al., 2008b; 
Ariskin et al., 2010; Bychkov et al., 2010; Ariskin et al., 2013), such that the FeO content of the 
silicate melt remains the dominant component of the sulfide capacity term (Cg). However, 
the strong partitioning of Ni and Cu into the sulfide phase has the potential to significantly 
reduce the fpgg"''' term, and thus the overall magnitude of SCSS. Inspection of Figure 
5.16 reveals that decreasing results in decreasing sensitivity of SCSS to the FeO 
content of the silicate melt, particularly in the 5-15 wt. % FeO range, and also results in a shift 
of the low-FeO SCSS enrichment to even lower FeO contents. 
Overlaid on the flp"""^" contours of Figure 5.16 is a density plot of sulfur and FeOt„tai 
contents measured in 329 sea-floor glasses sourced from Jenner and O'Neill (2012), The activ-
ity of FeS in the saturating sulfide phase of MORB, inferred from the model is in reasonable 
agreement with observed sulfide bleb compositions (e.g. Patten et al., 2012, 2013) given the 
simplifications of a single FeO-free matrix composition for MORB, a pressure of 100 MPa and 
a temperature of 1400 °C (which is admittedly, too high for MORB). A decrease in temperature 
will result in a decrease in SCSS {e.g. Wendlandt, 1982, Fig. 1), which will have the effect of 
moving the flp"""'''contours to lower values, and into better agreement with the MORB 
bleb data. 
Further consideration of the form of the O'Neill and Mavrogenes (2002b) model reveals that 
when presented in FeO-SCSS space, only the Inflp^j^"" and InCg terms vary with FeO 
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Figure 5.16.: Output of the O'Neill and Mavrogenes (2002b) model, calculated using the 
average MORB composition from Jenner and O'Neill (2012), contoured for 
sul f ide l iquid 
« F e S . Also shown are FeO and S contents of 329 sea-floor glasses from 
Jenner and O'Neill (2012), and point density contours for that dataset. 
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content (see Figure 5.2). Thus, varying any of the FeO content-insensitive terms will produce 
similar variations in the shape of the predicted SCSS with FeO content as those displayed in 
Figure 5.16. It then follows that it is entirely unsurprising that the Li and Ripley (2005) model 
produces a result with a shape similar to one of the lower liquid ^pj^fp^jg^ gg jj^g form 
of that model is effectively identical to that of the O'Neill and Mavrogenes (2002b), consist-
ing of a negative natural log of the FeO content, a positive slope straight line compositional 
term, and FeO-insensitive terms representing P, T and a constant, as shown in Figure 5.13, for 
comparison with Figure 5.2. 
5.4.3. SCSS in hydrous silicic melts 
The strong dependence of SCSS on FeO content of anhydrous, basaltic silicate melts has been 
clearly demonstrated in this study. The interplay between the two FeO-related terms is a fun-
damental characteristic of the dependence of SCSS on FeO content. An important question is 
whether this relationship holds for lower temperature, hydrous, silicic melts. 
The unpublished PhD thesis of Bradbury (1983) investigated the solubility of pyrrhotite in 
hydrous albite melt as a function of pressure, temperature, and /g^. All experi-
ments of Bradbury (1983) were saturated with pyrrhotite (of varying composition) and a H2O-
H2S fluid phase. Loss of sulfur from pyrrhotite to form H2S in the vapour phase resulted in 
the dissolution of FeO in the albite melt. When plotted in FeO-SCSS space, the results form 
the characteristic negative logarithm, low-FeO side of the asymmetric U-shaped relationship. 
Clemente et al. (2004) conducted a detailed study into the solubility of sulfur in metaluminous 
rhyolitic melts as a function of pressure, temperature,/q^ and /g^. 
As demonstrated in the foregoing sections and in Figure 5.2, the shape of the 'U' is fixed by 
the relationship between Cg and Inflp^Q"'" and FeO content, whilst the 'magnitude' is 
determined by a combination of these two parameters and the remaining parameters, such as 
In pressure dependence, and the equilibrium constant for reaction 5.5. At low 
FeO contents the shape of the 'U' is dominated by the negative In a f j ^ * ^ term, rather 
than the sulfide capacity, for which we would expect the coefficients of different cations to 
vary with temperature. 
5.4. Discussion 
In a crude attempt to investigate the relationship between SCSS and FeO content in silicic 
melts, the SCSS data from pyrrhotite-saturated experiments of Bradbury (1983) and Clemente 
et al. (2004) were fit using the 'matrix'-FeO regression presented in Section 5.3.3. This is a valid 
way to explore the relationship between FeO and SCSS as the only inputs are Xp^, Xp^Q and 
SCSS, and the only assumptions are the relationship between SCSS, Xp^, In flp^.j^^'''and 
In fl™^"'^' as expressed in Equation 5.16. The In was set as a variable in the 
regression. Experiments from both studies at all pressures and temperatures were included in 
the regression as anhydrous compositions. The result of the regression is plotted as a continu-
ous function of FeO content by calculating the average FeO-free composition from each input 
dataset (i.e. the 'matrix' composition), and calculating SCSS as FeO is added to the 'matrix'. 
Average compositions used to calculate the model output is listed in Table 5.5. The results are 
presented in Figure 5.17. 
The regression produces a fit to both datasets that describes the shape of the relationship 
between silicate melt FeO content and SCSS very well, given the simplifications. This is a 
significant finding, as it suggests that the In flpeo''"'controls SCSS in hydrous, low 
FeO, siliceous magmas, just as it does in high temperature, dry, basaltic melts. Even at very 
high molar H j O contents (Burnham, 1979b,a) the effect of H j O on SCSS does not overwhelm 
the effect of FeO via the Inflp^Q""' term. H2O does not have a sufficiently large effect 
on Cg {i.e. via an Api^o term) to overwhelm the effect of InOp^Q '^® at low FeO contents. 
This may be interpreted to suggest that in the presence of a Fe-bearing saturating phase such 
as pyrrhotite, reduced sulfur dissolves in silicate melts as S^", rather than molecular species 
such as H j S or H S " . 
This finding, and the results of earlier studies {i.e. Clemente et al., 2004) have significant 
implications for the applicability of results reported by Keppler (1999) and Keppler (2010). 
These studies report very high partition coefficients (>400) for sulfur between aqueous fluid or 
low density gas and FeO-free silicate melts at low/Q^ (Co-CoO). It is suggested that such high 
partition coefficients are the result of working in an FeO-free NKASH system. In FeO-bearing 
hydrous silicic systems SCSS is very low (Bradbury, 1983; Clemente et al., 2004), and increasing 
the S content of the system merely results in increased sulfide formation. The absence of any 















• Bradbury (1983) 
(A) 
ao= 1.340 
a, = 67.633 
yFeO = 2.144 
X^  = 0.673 
OM2002 fit 
• Clemente et al. (2004) 
Qg = 1.794 
a, = 32.754 
YFeO= 1.882 
X^  = 0.847 
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Figure 5.17.: FeO contents of the model output were calculated using the average FeO-free 
composition of included experiments from (A) Bradbury (1983) and (B) Clemente 
et al. (2004). 
5.4. Discussion 
iron in Keppler's experiments will suppress sulfide saturation, as SCSS attains high S contents 
( thousands of ppm) when the saturating phase is Na jS or K2S (Klimm et al., 2012a). Thus, 
when unsaturated in a sulfide phase, sulfur is free to partition into the coexisting volatile phase 
rather than be sequestered in a sulfide phase. In contrast, both Bradbury (1983) and Clemente 
et al. (2004) report very low solubility of S in pyrrhotite saturated melts (<100 ppm) at FeO 
contents greater than - 0 . 5 wt. % FeO (Figure 5.17). The maximum SCSS recorded by Clemente 
et al. (2004) is 1154 p p m at an FeO content of 0.12 wt. % (/"o2=NNO-1.85), suggesting that the 
scenario modelled by the experiments of Kepper will never occur in nature, as all natural 
systems are FeO-bearing, and even minor amounts of FeO in the system will result in reaction 
with sulfur to form FeO in the melt and saturation in pyrrhotite. 
The relationship of increasing SCSS with decreasing FeO content shown in Figure 5.17 may 
be significant during the evolution of granitic melts, and could conceivably result in the disso-
lution of sulfides as the a granitic melt evolves to lower FeO contents. This presents an avenue 
for future investigation, along with more general investigation of SCSS as a function of FeO 
content in hydrous silicic melts, particularly at higher FeO contents to confirm the expected 
increase in SCSS. 
5.4.4. The FeO-poor, sulfur-rich surface of Mercury 
Remote sensing of the planet Mercury suggests a low overall FeO content of the surface (0.2-
4.5 wt. % FeO), which is interpreted to largely consist of volcanic material (Niftier et al., 2011; 
Evans et al., 2012; Weider et al., 2012). The surface of Mercury exhibits unusually high sulfur 
contents (1-6 wt. %), and correlations between Ca, Mg and S has led to suggestions of Ca 
and Mg sulfide minerals on the surface of Mercury. As demonstrated by the present work, 
silicate melts are expected to dissolve relatively high amounts of sulfur at low FeO contents 
when saturated with an Fe-rich sulfide phase. The model of O'Neill and Mavrogenes (2002b) 
can be applied to silicate melt compositions relevant to the surface of Mercury to examine 
whether proposed surftcial S contents can plausibly represent sulfur dissolved in low FeO 







Na^O M g O AI2O3 S iOj K2O C a O Ti02 MnO Total Reference Notes 
2.61 10.51 21.17 53.31 10.97 1.43 - 100 this study SCSS experiments; Figures 5.10 & 5.12-5.15 
2.64 10.65 21.06 52.94 - 11.19 1.51 - 100 this study SeCSeS experiments; Figure 5.11 
3.10 8.42 17.22 56.62 - 12.96 1.68 - 100 Jenner and O'Neill (2012) FeO-free MORB; Figure 5.16 
11.68 - 20.28 68.03 - - - - 100 Bradbury (1983) FeS-saturated experiments; Figure 5.17 
4.10 0.32 13.41 77.77 2.55 1.85 - - 100 Clemente et al. (2004) FeS-saturated experiments; Figure 5.17 
0.47 15.57 16.10 61.56 - 4.60 0.96 0.74 100 Stockstill-Cahill et al. (2012) Northern Volcanic Plains 
0.23 21.78 13.34 57.21 - 5.87 0.90 0.69 100 Stockstill-Cahill et al. (2012) Intercrater Plains 
- 20.05 14.09 53.88 - 11.62 0.16 0.20 100 McCoy et al. (1999) Experiment 269 (1400 °C; 1 bar) 
0.73 7.85 8.77 77.83 - 4.74 0.00 0.07 100 Berthet et al. (2009) Experiment 316 (1400 °C; 10 kbar) 
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Figure 5.18.: Application of the O'Neill and Mavrogenes (2002b) model to silicate liquid com-
positions relevant to Mercury at conditions of 1400 °C, 1 bar and flpes"^*" '" '""^=1. 
The Intercrater Plains and Northern Volcanic Plains compositions of Stockstill-
Cahill et al. (2012) were determined by remote sensing, whereas the compositions 
from McCoy et al. (1999) and Berthet et al. (2009) were generated by partial melt-
ing of Indarch enstatite chondrite. EPMA analyses from 1400 °C experiments 
from the two partial melting studies are shown for comparison. Compositions 
are provided in Table 5.5. The cation coefficient for Mn from Evans et al. (2008b) 
was used in the modelling. 
5. The effect ofFeO on SCSS and SeCSeS of silicate melts 
Zolotov et al. (2013) explored the solubility of sulfur in liquids representing the surface of 
Mercury via several models from the metallurgical literature attempting to constrain both/q^ 
and/s^ in addition to SCSS. As presented in the Section 5.1.1, the O'Neill and Mavrogenes 
(2002b) model is insensitive to / q , and /g, when a melt is saturated with stoichiometric FeS 
(solid or liquid), and the addition of other components to the sulfide phase, such as oxygen 
or additional Fe, will serve to lower the activity of FeS, and thus SCSS. Here, the SCSS in four 
compositions relevant to the surface of Mercury were modelled using the model of O'Neill 
and Mavrogenes (2002b), two are modelled compositions derived from MESSENGER X-ray 
spectrometry data, 'Northern Volcanic Plains' and 'Intercrater Plains and Heavily Cratered 
Terrain' (Stockstill-Cahill et al., 2012); two are silicate liquids produced from partial melting of 
the Indarch enstatite chondrite, the 1400 °C silicate liquid composition from Run 269 of McCoy 
et al. (1999), and the 1.0 GPa, 1400 °C silicate liquid composition from Run 316 of Berthet et al. 
(2009) (Table 5.5). The SCSS as a function of FeO content for the four compositions is presented 
in Figure 5.18. Sulfur contents greater than 1 weight percent are achieved in all silicate melt 
compositions, though only at very low FeO contents, ranging from ~1300 ppm FeO in the 
Berthet et al. (2009) composition to ~0.5 weight percent FeO in the composition of McCoy et al. 
(1999). Thus it is plausible that silicate melts, with low FeO contents can contain significant 
dissolved sulfur when the saturating sulfide phase is essentially FeS. 
However, it is likely that the sulfide solubility regime occurring on Mercury and enstatite 
chondrite parent bodies is unlike the regime familiar on earth. For almost all terrestrial mag-
mas, the range of/o^ conditions is such that iron dissolves into silicate melts as Fe''"^, 
and Fe metal is not a stable phase. Fe metal is observed in terrestrial basaltic magmas only in 
rare cases involving assimilation of carbon-rich sedimentary rocks (e.g. Disko Island, Green-
land; Pedersen, 1979). In the case of enstatite chondrite parent bodies,/q, is extremely low, 
such that silicate melts are almost Fe-free, due to the formation of an Fe-rich metal phase that 
frequently contains several weight percent silicon. When the sulfur solubility limit of metal 
phase and the silicate liquid is exceeded (i.e. at low/q, and high/g,) saturation in refractory 
sulfide phases such as oldhamite (CaS) and niningerite (MgS) occurs. Analyses of glasses 
produced from experiments involving partial melting of the Indarch enstatite chondrite (Fo-
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gel et al., 1996; McCoy et al, 1999; Malavergne et al., 2007; Berthet et al., 2009) return values for 
SCSS significantly greater than predicted by the O'Neill and Mavrogenes (2002b) model, e.g. 
up to 7.82 wt. 7o reported from the experiments of Fogel et al. (1996). One explanation for the 
results is that the FeO content of the glasses may be overestimated due to secondary fluores-
cence of Fe-alloy blebs {cf. Cottrell and Walker, 2006), and the high SCSS values are occurring 
at very low {i.e. <0 .1 wt. %) FeO contents as predicted by the O'Neill and Mavrogenes (2002b) 
model. SCSS values could be similarly overestimated due to secondary fluorescence. How-
ever, to aid in interpretation of experimental results and modelling, values for SCSS from ex-
periments with CaS- and MgS-saturated, FeO-free silicate melts are necessary {cf. Malavergne 
et al., 2007). 
5.5. Summary 
The sulfur content at sulfide saturation (SCSS) and the selenide content at selenide saturation 
(SeCSeS) of a haplobasaltic melt was investigated as a function of silicate melt FeO content at 
1400 °C1 .5GPa . 
• SCSS and SeCSeS are shown to have an asymmetric U-shaped dependence on the FeO 
content of the silicate melt, with a minimum at ~ 5 wt. % FeO. The asymmetric U-shaped 
dependence arises due to the interplay between the competing role of FeO in two terms 
of the expression for SCSS: the positive effect of FeO of Cg, and the negative effect of 
1 si l icate l iquid 
• Models for SCSS that include only a single term for mole fraction or mass fraction FeO 
will not accurately describe SCSS at both low and high FeO contents. 
• SCSS in low temperature hydrous silicic melts appears to be similarly controlled by melt 
FeO content. The experiments of Bradbury (1983) and Clemente et al. (2004) conducted 
at FeO contents <3 .0 wt. % FeO exhibit the characteristic negative logarithm dependence 
of SCSS on FeO. 
5, The effect ofFeO on SCSS and SeCSeS of silicate melts 
• The overall controls on SeCSeS are similar to SCSS, such that the behavior of Se would 
be expected to follow S in reduced, dry basaltic magmatic systems. The next chapter will 
examine this issue in more detail. 
• The thermochemistry of iron selenide melts is clearly different to sulfide melts, manifest 
as increasing non-stoichiometry with decreasing FeO content, and thus increasing/gg^. 
• Re solubility in Re metal saturated sulfide liquid increases with pressure. 
6. Sulfur-selenium partitioning and the 
thermochemistry of Fe-S-Se liquids 
6.1. Introduction 
The previous chapter has demonstrated that the compositional controls on SCSS and SeCSeS 
in silicate magmas vary only in detail, i.e. the FeO content of the silicate melt is the primary 
control on sulfide and selenide solubility, and both S and Se exhibit an asymmetric, U-shaped 
dependence of S C S S / S e C S e S on FeO content. Significantly, on a molar basis, SeCSeS is about 
half the value of SCSS at the same FeO content. The experimental determination of SeCSeS is 
of restricted interest, whereas the geochemical behavior of selenium is of geologic interest in 
mixed sulfide-selenide systems, where the relative exchange of S and Se between silicate liquid 
and sulfide liquid, summarised as S / S e (mass ratio of S to Se) and Nernst partition coefficients, 
can be investigated systematically as a function of composition, pressure and temperature. 
Understanding the controls on S / S e of silicate melts in equilibrium with sulfide assemblages 
has numerous implications for interpreting S / S e from mantle and magmatic rocks. The rel-
ative behavior and partitioning of S and Se between silicate liquids and sulfide assemblages 
will control, amongst other things: the S / S e of low degree parHal melts; the S / S e of residual 
mantle left after extraction of a silicate partial melt; the S / S e of mantle modified by silicate 
melt metasomatism, which will also vary as a function of/o^- There is therefore potential that 
S / S e ratios may be sensitive indicator of magmafic and metasomatic processes, providing a 
complementary geochemical tool to lithophile major and trace elements, and an important 
tool in situations where metasomatism produces silicate minerals indistinguishable from am-
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Figure 6.1.: Se and FeO content of ocean-floor pillow glasses analysed by Hertogen et al. (1980). 
bient mantle phases. This chapter reports experiments conducted to investigate S /Se of a 
basaltic silicate liquid in equilibrium with Fe-S-Se liquids of varying S/Se, and the pressure 
and temperature dependence of S/Se exchange between silicate and Fe-S-Se liquids. 
6.1.1. S/Se in mafic volcanic lavas 
Hertogen et al. (1980) analysed fresh glasses from ocean-floor pillow lavas via INAA (instru-
mental neutron activation analysis) for a range of trace elements, including selenium. Sele-
nium contents of seven MORE samples ranged from 103 to 335 ppb.The authors noted that 
Se appears to behave as an incompatible element during mantle melting, and is enriched in 
the silicate liquid, in contrast to tellurium, which is compatible in the residue. Partial melting 
of the mantle thus fractionates Se from Te. When Se was plotted against glass FeO content 
(Figure 6.1), a positive correlation with FeO content was observed, prompting Hertogen et al. 
(1980) to suggest that the 'Se capacity' of MORE depended on total iron content, analogous to 
the sulfide capacity. 
The study of Hamlyn et al. (1985) investigated trace elements of magnesian, low-Ti lavas 
(boninites), regarded as partial melts of a depleted mantle source, for comparison with MORE 
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liquids sourced from undepleted or mildly depleted mantle. The study specifically focussed 
on chalcophile and platinum group elements to investigate the possibility that partial melting 
of a previously depleted source would result in complete dissolution of residual sulfide and a 
consequently sulfur-undersaturated but PGE-rich magma. As expected, both S (<20-457 ppm) 
and Se (4.3-200 ppb) contents were significantly lower than MORE S and Se contents, giving 
mean S / S e of <1020 (cf. reported S / S e of 4081 for MORE). Positive correlation between Se and 
TiOj contents/Mg number of low-Ti lavas were used to demonstrate that the most refractory 
sources result in lavas with the lowest Se (and thus S) contents. When combined with the lack 
of sulfide blebs, and the low S contents relative to MORE, the authors conclude that low-Ti 
magmas are sulfur-undersaturated at source, reflecting exhaustion of the sulfide component 
and consistent with the observed Pd enrichment relative to MORE. 
In an effort to determine Nernst partition coefficients (D,, where D = mass fraction of ele-
ment / in sulfide/mass fraction element i in silicate glass) for chalcophile elements. Peach et al. 
(1990) analysed co-existing silicate glasses and sulfide blebs from MORE ocean-floor lavas via 
INAA (instrumental neutron activation analysis) of hand-picked separates. A single silicate 
glass-sulfide bleb pair was analysed for S and Se, returning a Se content of 238 ppb in the glass 
and 421 ppm in the sulfide, equating to a of 1770. The S /Se ratio of the glass 
was 3745, and the sulfide was ~833. The strongly chalcophile nature of selenium lead to the 
suggestion that S / S e ratios would be sensitive to magma tic sulfide fractionation, with S /Se ra-
tio of the silicate liquid increasing when sulfides crystallise as Se is preferentially sequestered 
into sulfide minerals. Furthermore, Peach et al. (1990) suggest that silicate liquids extracted 
from mantle that retains residual sulfide will always have an S /Se higher than the bulk mantle 
source. Patten et al. (2013) conducted a detailed study of similar scope to that of Peach et al. 
(1990), albeit applying modern high sensitivity in situ microanalytical techniques (LA-ICP-MS 
and EPMA). The study was justified partly by the need to refine the relative Nernst partition 
coefficients for Cu and Se. Unfortunately, silicate glass Se contents were below the detection 
limit of the LA-ICP-MS system of Patten et al. (2013), leading them to employ the MORE glass 
Se data of Jenner and O'Neill (2012) (see below) for calculating an average of 
345. This value is considerably lower than the 1770 reported by Peach et al. (1990), but is more 
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consistent with the relative behaviour of Se and Cu observed by Jenner et al. (2010), Jenner 
et al. (2012) and Barnes et al. (2009). MORE sulfide blebs returned Se contents of 113+14 ppm 
(1 standard deviation), resulting in a S / S e for sulfide blebs of 3071+407, significantly higher 
than that measured by Peach et al. (1990, -833) . 
The analytical campaign of Jenner and O'Neill (2012) produced data for the abundances of 
60 elements in 616 Ocean Floor Basaltic glasses from the Smithsonian Institution, employing 
EPMA and LA-ICP-MS. Included in their dataset were 329 S analyses and 301 Se analyses, 
which increased the database of high precision Se contents of seafloor glasses by approxi-
mately two orders of magnitude. The resulting S, Se and S / S e are plotted against glass FeO 
content and Mg number in Figure 6.2. Both sulfur and selenium contents are demonstrated to 
have a positive correlation with FeO content, conclusively confirming the earlier relationship 
between Se and FeO suggested by Hertogen et al. (1980). S / S e does not show any correla-
tion with either FeO content of Mg number, suggesting that S and Se solubilities are similarly 
proportional to silicate liquid FeO content. S / S e of primitive MORB (MgO > 9.0 wt. %) was 
2903.25 +363 (1 standard deviation; n = 9), whereas it was only marginally higher (and within 
1 standard deviation) at 3231+564 for the entire dataset (n = 279). 
Jenner et al. (2010) conducted a high precision LA-ICP-MS trace element study of global 
MORB (later reanalysed at higher precision by Jenner and O'Neill, 2012) and Pual Ridge 
(Manus Basin, Papua New Guinea) back-arc basin (BAB) ocean-floor glasses to contrast the 
behaviour of Au, Cu and other chalcophile elements (including Se) during evolution of the 
two suites. Back arc basin glasses had very low sulfur contents, attributed to low pressure de-
gassing (c/. Lesne et al., 2011); selenium, in contrast, was present in abundances comparable to 
MORB at equivalent FeO contents, leading Jenner et al. (2010) to suggest that Se does not degas. 
Back arc basin lavas of the Pual Ridge are more oxidised than MORB, based on wet chemical 
Fe3+/EFe determinations (FMQ+2; Sun et al., 2004; Sinton et al., 2003); this is sufficiently oxi-
dised that sulfur dissolves in the silicate liquid as sulfate, unlike MORB where sulfur dissolves 
as sulfide. Jenner et al. (2010) speculate that the equivalent selenide to selenate transition does 
not occur until some/o^ greater than FMQ+2, and differing speciation of sulfur and selenium 
may be responsible for selenium retention. Given that the authors convincingly demonstrate 
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that Pual Ridge samples underwent reduction-induced sulfide saturation (the 'magnetite cri-
sis'), yet sulfur was efficiently lost to degassing both before and after sulfide saturation, the 
causes of differing degassing behaviour of S and Se may be more complicated than specia-
tion in the silicate melt {i.e. depth of eruption and presence of other volatiles). It was then 
proposed that selenium contents can be employed to calculate the pre-eruptive sulfur content 
(S*) if the S /Se ratio of the silicate melt is known, or can be estimated. However, determining 
the appropriate S /Se requires knowledge of the source S/Se (and thus the melting history of 
the source), as well as understanding the relative partitioning behaviour of S and Se (c/. Peach 
et al., 1990). 
6.1.2. Se in mantle xenoliths and meteorites 
Some of the earliest high quality data regarding S/Se of mantle samples were the 14 spinel 
Iherzolites analyses reported by Morgan et al. (1980) and discussed by Morgan (1986). The 
study was motivated to examine the abundances of highly siderophile elements (HSE) and 
chalcogens (S, Se and Te) in relatively undepleted spinel Iherzolites to characterise the material 
of the 'late veneer'. Morgan (1986) estimated primitive mantle to have S/Se of ~3200. 
Dreibus et al. (1995, p. 439) provide the following summary: 'Selenium is the only truly chal-
cophile element in chondritic meteorites: it is completely hosted in sulfides. No other phase contains Se 
in quantities that contribute significantly to bulk Se contents.' In contrast, sulfur is present in other 
mineral phases and organic compounds in all valence states between 2 - and 6-I-. Determina-
tion of S by sulfur analyser and Se by INAA returned an average S/Se of 2560+150 from 12 
unweathered carbonaceous chondrites; three ordinary chondrites returned S/Se of 2400+180. 
Hattori et al. (2002) analysed sulfide grains in peridotite xenoliths representing metasoma-
tised refractory mantle wedge and refractory subcontinental lithospheric mantle by proton-
induced x-ray emission (PIXE). Correlation between sulfide Ni content and S/Se was inter-
preted to reflect retention of Se during partial melting. Sulfides from both environments were 
depleted in S relative to Se (assuming a primitive mantle value of 3300), also consistent with 
previous melt extraction. Hattori et al. (2002) suggest that variations in S/Se of mantle-derived 
magmas (cf MORE and boninite) reflect the melting history of the source. 
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Figure 6.2.: S, Se and S /Se plotted against FeO content and Mg number for MORE glasses 
analysed by Jenner and O'Neill (2012). 
6.2. Introduction 
The S /Se/Te systematics of mantle xenoliths from the Massif Central and Pyrenees, France 
have been the subject of numerous investigations by Lorand and others (Lorand and Alard, 
2001; Lorand et al., 2003; Lorand and Alard, 2010; Alard et al., 2011; Konig et al., 2012). In Pyre-
nean peridotites, high S /Se pyrite grains are interpreted to have formed when COj-CI-S fluids 
released during regional metamorphism reacted with pre-existing mantle sulfide assemblages 
(Lorand and Alard, 2011). Using light rare earth element enrichment and metasomatic min-
erals such as carbonates and phlogopite, Lorand et al. (2003) and Lorand et al. (2004) asso-
ciate metasomatism by volatile-rich, small degree (carbonatitic) partial melts with increases 
in whole rock S /Se of xenoliths from the Massif Central and Kerguelen, Indian Ocean, re-
spectively. Lorand and Alard (2010) suggest that the suprachondritic S/Se of 3121+500 deter-
mined from 33 'uncontaminated' orogenic Iherzolites reflects the Iherzolite being the product 
of harzburgitic lithosphere refertilised by ascending silicate liquids, rather than residues of 
low degree partial melt extraction from primitive mantle, which would be expected to de-
crease S/Se. 
Wang and Becker (2013) report S /Se from fertile (Al203-rich) Iherzolite samples of 2690+700 
{n = 53) which overlaps completely with the CI chondrite value of 2750+200 from Lodders 
(2003). The effects of silicate melt infiltration and freezing {i.e. metasomatism) on the abun-
dances of S, Se and Te were suggested to be similar to the effects of open system partial melting, 
such that the average S/Se of fertile Iherzolites should provide a robust estimate of bulk sil-
icate earth (BSE) S/Se. Regression of S and Se against Al jO j produced a BSE S/Se of 2600; 
this value compares favourably with chondritic S /Se of 2530 (Palme and O'Neill, 2003), but is 
lower than 3330 suggested by McDonough and Sun (1995). Wang and Becker (2013) suggest 
that the carbonaceous chondrite-like chalcogen abundances of the BSE are consistent with a 
chondritic 'late veneer' as the source of chalcogens and HSE (highly siderophile elements; e.g. 
platinum group elements. Re). 
6.1.3. Experimental investigations 
Rose-Weston et al. (2009) investigated the partitioning of S, Se and Te between Fe-Ni-Si+S 
liquid and basaltic silicate liquid at 1-20 GPa and 1760-2420 °C, and/o, conditions below iron-
6. Sulfur-selenium partitioning and the thermochemistry ofFe-S-Se liquids 
wustite. The sulfur contents of the metal phase was as high as - 3 3 wt. % {cf. - 3 5 wt. % for 
MORE sulfides) but generally less than 15 wt. %. Their results demonstrated increasingly 
siderophile behaviour of all three chalcogens with increasing pressure. The chalcogens would 
therefore have been almost completely lost from the mantle during formation of the core, along 
with the highly siderophile elements. This result is consistent with suggestions (e.g. Morgan, 
1986; Wang and Becker, 2013) that carbonaceous chondrite-like chalcogen ratios reflect a dom-
inantly chondritic late-veneer as the source of both chalcogens and HSE. 
6.1.4. S/Se fractionation in surficial environments 
Chemical fractionation of sulfur and selenium in low temperature environments due to con-
trasting weathering behaviour leads to the formation of geochemical reservoirs with varying 
S/Se. Whereas sulfide minerals are readily oxidised to produce soluble sulfate ions, selenium 
requires significantly higher/q, conditions to form soluble aqueous selenite and selenate ions 
(Stanton, 1972; Yamamoto, 1976; Howard, 1977; Simon et al., 1997; Xiong, 2003). Soluble ox-
idised selenium species are readily sorbed onto clay and iron oxide minerals or reduced by 
organic matter (Winkel et al., 2012), limiting their transport to the ocean relative to sulfur 
species. As a result, the S /Se of modern seawater is 1.6 x 10'' (Rouxel et al., 2004), and sed-
imentary sulfides exhibit S /Se ratios an order of magnitude higher than magmatic and hy-
drothermal sulfides (S/Se up to 200,000; Stanton, 1972). In contrast, the S /Se of bulk silicate 
earth is estimated to be 2600+ 700 (Wang and Becker, 2013). The significantly different S /Se 
ratios of sedimentary and magmatic sulfides has found application to magmatic ore deposits 
as a method for identifying assimilated country rock sulfur (Ripley, 1990; Ripley et al., 2002). 
McGoldrick and Keays (1981) suggest that conservation of Se during weathering of massive 
sulfide deposits due to sorption onto iron oxides, permits Se contents to be used to discrimi-
nate between gossans formed from sedimentary and magmatic sulfides. 
6.2. Methods 
6.2. Methods 
6.2.1. Experimental Methods 
The silicate, sulfide and selenide starting materials were prepared as described in Chapter 5. 
The S/Se of starting materials were varied by mixing two ~8 wt. % FeO-bearing base composi-
tions with 6000 ppm Se as FeSe and 6000 ppm S as FeS, respectively, at 0.25,0.50 and 0.75 mass 
fractions, to give mixes with S/Se mass ratios of 3.0, 1.0 and 0.33, respectively (molar S/Se of 
7.39, 2.46 and 0.82). S/Se exchange between silicate melt and the three sulfide-selenide liq-
uid compositions was investigated at 1.5 GPa and 1400 °C. A pressure series was conducted 
using the 4500 ppm S -I- 1500 ppm Se mix at 0.75,1.5, 2.5 and 3.5 GPa and 1500 °C; a tempera-
ture series was conducted using the same composition at 1400,1450 and 1500 °C and 1.5 GPa. 
All experiments were conducted using graphite-lined Pt capsules using the methodology de-
scribed for SeCSeS experiments in Section 5.2.1. 
6.2.2. Analytical Methods 
Major elements in silicate glass and quenched Fe-S-Se liquids were analysed using a JEOL 
JS1V16400 SEM equipped with an Oxford Link-ISlS Pentafet EDS system, as described in Sec-
tion 5.2.2. Sulfur and selenium contents of the silicate glass were determined via WDS spec-
trometry using the Cameca SXlOO electron microprobe located at the Research School of Earth 
Sciences, Australian National University. Beam settings were 15 kV accelerating voltage, 100 
nA beam current and 20 }im beam size. Sulfur was quantified using an LPET crystal and the 
peak integral method implemented in the Cameca SXlOO PeakSight software. The sulfur Ka. 
peak was integrated between 0.622 sinO (2278.4 eV) and 0.606 sine (2338.6 eV) in 200 steps—the 
first and last 48 steps representing background. The peak was measured twice per spot with 
a peak integration time of 150 seconds. Barite was employed as the standard for S. Fourteen 
analyses of VG2 basaltic glass using this method returned 1441 + 68 ppm S. Selenium was 
analysed via the Se La line using a TAP crystal, with a peak position at 0.35019 sine (1378 eV) 
and background positions of +0.01755 and -0.00673 sin0, carefully chosen to avoid emission 
lines from Al, Ca, Mg and Se Lfi. The counting time on the Se La peak was 150 seconds. Syn-
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Figure 6.3.: Comparison between Australian National University Cameca SXlOO and Univer-
sity of Oregon Cameca SXlOO sulfur datasets. The 1:1 line is shown for reference. 
thetic NiSe, synthesised in equilibrium with Ni metal to ensure stoichiometry, was used as the 
standard for Se. An in-house, synthetic basaltic andesite silicate glass standard was analysed 
28 times during this study, returning an average Se content of 1483 + 32 ppm, which compares 
favourably with the LA-ICP-MS analysis of the same material of 1418 + 32 ppm {n = 10). 
As the S / S e experiments experiments were analysed on a different electron microprobe to 
the SCSS and SeCSeS experiments, it is important to demonstrate consistency between the two 
instruments. Fortunately, several experiments have been analysed on both instruments, and 
the agreement between the results is shown in Figures 6.3 & 6.4. 
6.3. Results 
All experiments produced immiscible basaltic silicate and Fe-S-Se liquids. Silicate glasses were 
vesicle- and crystal-free, except for the 1500 °C, 3.5 GPa experiment which crystaised a signif-
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Figure 6.4.: Comparison between Australian National University Cameca SXlOO and Univer-
sity of Oregon Cameca SXlOO selenium datasets. The 1:1 line is shown for refer-
ence. 
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garnet are presented in Tables 6.1 and 6.3. Major element analyses of sulfide-selenide liquids 
are presented in Table 6.2. S /Se of silicate melt and sulfide-selenide liquid are plotted as func-
tions of pressure, temperature and each other in Figures 1, 2 and 3 respectively. 
Large cracks formed in the graphite capsules of experiments C4355 (2.5 GPa, 1500 °C) and 
C4360 (3.5 GPa, 1500 °C), resulting in interaction of the silicate liquid and the Ft capsule and 
subsequent Fe-loss. Vesicles were not present in the glass, indicating that significant quantities 
of CO2 were not generated in response to Fe-loss, and /q^ conditions remained below CCO. 
The Pt content of sulfide-selenide liquids remained similar to that in other experiments (Table 
6 .2 ) . 
Results for the pressure and temperature series are presented in Figures 6.5 and 6.6, re-
spectively; the predictions based on the metal-silicate partitioning study of Rose-Weston et al. 
(2009) are provided for comparison. Selenium is noted to become more chalcophile with in-
creasing pressure, with a slope consistent with the prediction of Rose-Weston et al. (2009), al-
though displaced to lower values. There is no statistically significant temperature dependence 
over the small temperature range (100 K) investigated. Experiments over a larger temperature 
range are necessary to identify any T dependence. 
6.3.1. Thermodynamic modelling 
The partitioning data collected in the composition series can be used to derive thermodynamic 
parameters for Fe(S,Se) liquid. Given the similarity in behaviour of sulfur and selenium when 
in the 2- valence state, as evidenced by complete solid solution between sulfide and selenide 
minerals (e.g. Cd, Pb, Zn, Fe, Ni monosulfide/monoselenide), it is not unreasonable to expect 
complete miscibility between sulfide and selenide liquids. The present experiments provide 
no indication of immiscibility. However, as (S-Se) shows dependence on the 
composition of the sulfide liquid, an ideal mixing model cannot represent Fe-S-Se liquids. 
Therefore, the most simple model that may describe Fe-S-Se liquids is a symmetric regular 
solution model (Hildebrand, 1929; Thompson, 1967). 
Run ID 
Pressure Temp. Duration Na jO MgO A 1 , 0 , S1O2 CaO TiOi FeO S Se Total n H added S added Se S / S e 
GPa •c /iowrs might % weight % weight % n-eighl % uvigfit % uvight % uvight % ppm VV"' uvight % majors S & S e ppm ppm mass 
C4353 1.5 1500 22 2.30(4) 9.46(4) 19.88(10) 48.54(35) 10.00(11) 1.37(7) 7.92(15) 2007(92) 462(40) 99.72 6 11 4500 1500 4.34(42) 
C4354 0.75 1500 22 2.27(3) 9.53(12) 19.99(6) 48.83(22) 10.03(8) 1.33(9) 7.88(13) 2273(127) 576(42) 100.15 6 12 4500 1500 3.95(36) 
C4355 2.5 1500 25 2.31(4) 9.70(12) 20.32(21) 49.66(26) 10.28(5) 1.32(8) 5.38(13) 1455(153) 297(4<S) 99.14 6 12 4500 1500 4.90(92) 
C4357 1.5 14.50 22 2.27(3) 9.41(9) 19.78(11) 48.34(22) 9.95(12) 1.37(9) 8.79(18) 1768(102) 441(29) 100.13 6 12 4500 1.500 4.01(35) 
C4360 ' 3.5 1500 22 2.55(6) 8.88(5) 20.12(16) 50.82(22) 10.81(12) 1.49(.5) 4.11(13) 1178(129) 231(26) 98.93 6 11 4500 1500 5.09(80) 
D1470 1.5 1400 16 2.30(5) 9.51(8) 19.67(7) 48.05(20) 9.95(8) 1.31(9) 8.19(10) 1529(87) 377(26) 99.17 9 18 4500 1500 4.06(.36) 
D1471 1.5 1400 16 2.29(4) 9.55(7) 19.86(15) 48.41(23) 10.11(6) 1.33(7) 8.02(22) 1748(98) 99.76 15 12 6000 
D1477 1.5 1400 16 2.28(8) 9.47(8) 19.57(14) 47.91(32) 9.92(7) 1.36(10) 8.87(15) 1147(88) 709(39) 99.57 6 6 3000 3000 1.62(15) 
D1478 1.5 1400 16 2.29(3) 9.52(7) 19.82(13) 48.30(22) 10.06(10) 1.27(5) 7.54(8) 690(29) 1007(22) 98.97 5 5 1500 4500 0.69(3) 
D1481 1.5 1400 16 2.29(6) 9.51(6) 19.66(14) 47.87(25) 10.00(10) 1.34(6) 8.47(19) 1784(75) 99.33 6 17 - 6000 
Table 6.1.: Major element analyses of silicate glasses determined by SEM EDS; S and Se via EPMA. ""Sample contains garnet in 
addition to silicate glass and quenched sulfide liquid. 

































C4353 1.5 1500 22 27.00(44) 55,25(41) 14.68(38) 0.46(26) 97.39 1.84(6) 0.82(2) 2.36(24) 0.49(1) 6 
C4354 0.75 1500 22 27.39(113) 54.97(142) 15.19(50) - 97.86 1.80(10) 0.82(4) 2.19(23) 0.49(2) 6 
C4355 2.5 1500 25 29.09(34) 53.23(31) 15.11(58) 0.55(8) 97.98 1.93(8) 0.83(1) 2.55(49) 0.47(1) 6 
C4357 1.5 1450 22 27.59(78) 55.94(45) 13.46(23) - 97.40 2.05(7) 0.83(3) 1.96(18) 0.49(1) 6 
C4360 3.5 1500 22 30.29(139) 51.58(86) 16.33(155) 0.58(17) 98.77 1.86(20) 0.82(5) 2.74(52) 0.45(1) 6 
D1470 1.5 1400 16 26.63(35) 56.27(65) 13.10(36) 0.59(32) 96.58 2.03(6) 0.83(1) 2.00(19) 0.50(1) 4 
D1471 1.5 1400 16 35.65(17) 62.64(131) - 0.29(11) 98.69 - - - - 3 
D1477 1.5 1400 16 19.33(39) 51.30(51) 28.23(32) - 99.14 0.68(2) 0.63(2) 2.36(23) 0.49(1) 5 
D1478 1.5 1400 16 8.80(67) 42.34(157) 45.82(222) 0.54(16) 97.50 0.19(2) 0.32(3) 3.57(36) 0.47(2) 6 
D1481 1.5 1400 16 - 36.57(31) 60.21(66) 0.70(23) 97.73 - - - - 4 
Table 6.2.: Major element analyses of quenched sulfide-selenide liquids 
s 
00 o (N 
analysis MgO AI2O3 Si02 CaO Ti02 FeO Total Mg A1 Si Ca Ti Fe cation sum 0 
1 20.31 23.78 42.68 6.26 0.48 7.12 100.63 2.12 1.97 2.99 0.47 0.03 0.42 8.00 12.00 
2 20.76 23.84 42.76 6.06 0.50 6.29 100.21 2.17 1.97 3.00 0.46 0.03 0.37 7.99 12.00 
3 18.95 23.68 41.85 6.88 0.52 8.55 100.43 2.00 1.98 2.97 0.52 0.03 0.51 8.01 12.00 
4 21.48 24.17 42.51 5.83 0.45 5.80 100.24 2.24 1.99 2.97 0.44 0.02 0.34 8.01 12.00 
5 20.08 23.98 42.45 6.24 0.42 7.21 100.38 2.11 1.99 2.99 0.47 0.02 0.42 8.00 12.00 
6 19.60 23.78 42.24 6.93 0.50 7.15 100.20 2.06 1.98 2.98 0.52 0.03 0.42 8.00 12.00 
7 19.95 23.90 42.12 6.76 0.48 7.14 100.35 2.10 1.99 2.97 0.51 0.03 0.42 8.01 12.00 
8 19.67 23.79 42.50 6.77 0.35 7.32 100.40 2.07 1.98 3.00 0.51 0.02 0.43 8.00 12.00 
9 18.53 23.44 41.98 7.23 0.52 8.52 100,22 1.97 1.97 2.99 0.55 0.03 0.51 8.00 12.00 
10 20.16 23.92 42.62 6.10 0.32 7.14 100.26 2.11 1.98 3.00 0.46 0.02 0.42 7.99 12.00 
11 20.28 23.77 42.45 6.36 0.48 6.89 100.23 2.13 1.97 2.99 0.48 0.03 0.41 8.00 12.00 
12 19.06 23.53 42.52 7.09 0.50 8.03 100.73 2.00 1.96 3.00 0.54 0.03 0.47 8.00 12.00 
average 19.90 23.80 42.39 6.54 0.46 7.26 100.36 2.09 1.98 2.99 0.49 0.02 0.43 8.00 12.00 
S.D. 0.81 0.19 0.28 0.45 0.07 0.80 0.17 0.08 0.01 0.01 0.04 0.00 0.05 0.01 -
Table 6.3.: Garnet analyses from experiment C4360, determined by SEM EDS. 
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Figure 6.5.: Upper panel: Kp (S-Se) as a function of pressure at 1500 °C. Note that the 1.5 GPa 
experiment was used in the derivation of the symmetric regular solution model. 
Lower panel: log liquid ^^  ^ function of pressure, with the prediction 
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Figure 6.6.: Upper panel: (S-Se) as a function of temperature at 1.5 GPa. The dotted lines 
in the upper panel are the temperature dependence predicted from the symmetric 
regular solution model (Equation 6.13) using the range of Kp represented by the 
plotted experiments. Note that the 1450 °C experiment was used in the deriva-
tion of the symmetric regular solution model. Lower panel: log d™®®'®""^ ''''-
as a function of temperature, with the prediction of Rose-Weston et al. (2009) for 
comparison. Uncertainty on the fits is one standard error. 
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In a symmetric regular solution: 
^Qreal total _ ^Qmechanical mixing ^Qidenl mixing Qexcess ( 6 . 1 ) 
For the present study, only the anion sublattices of the silicate and sulfide liquids are con-
sidered. Begin with the exchange reaction for sulfur and selenium between the silicate liquid 
and sulfide liquid; 
^®?silicate) + ^fsulfide) ^ ^fsilicate) + ^^^sulfide) 
For this reaction we can define: 
-AG\e.2)= RT\T\K (6.3) 
Kq for the exchange is defined: 
Xg2- Xg 2-
jy ( s i l i c a t e ) ( s u l f i d e ) A\ 
^Dib.l) = Y (6-4) 
A c 2 - A c 2 -*^-(silicate) (^sulfide) 
We can expand (6.3): 
Xs2- Xg 2- 7,52- 7se2-
2, = RT In + j^ j (6.5) 
•^^ (silitate) •^ (sulfide) ^^ (silicate) {^sulfide) 
The activity coefficients for the sulfide and selenide dissolved in the silicate melt can be 
omitted, as the concentrations are sufficiently dilute that we can assume they will not interact; 
substitute Kq. 
- AG-,6.2) = RTlnKp + R T l n ^ ^ ^ ^ i ^ (6.6) 
'^ r^sulfide) 
In a symmetrical regular solution we can define the activity coefficients thus; 
KTln7s,2- = (6.7) 
6.3. Results 
R T l n 7 s 2 _ = I V G ( 1 - X s 2 - ) ^ (6.8) 
w h e r e YJ'^ is the Margules or interaction parameter. 
Subst i tute the activity coefficients into express ion (6.6): 
= R T I n K o + - W G ( 1 - X s 2 - ) 2 (6.9) 
In a b inary solution, such as hquids on the FeS-FeSe join investigated here, the mole fractions 
of the two c o m p o n e n t s must s u m to 1: 
Xy, - = (6.10) 
which may b e substi tuted into expression (6.9): 
-AG°,(, .2) = R T l n K a + WG(Xs2- )2 - W ^ d - X s z - ) ^ (6.11) 
Expand and simplify: 
-AG°(6,2) = R T l n K o - W G ( 1 - 2 X S 2 - ) (6.12) 
The previous express ion may be rearranged into the form of an equation of a straight line: 
RTlnKp = W ^ d - 2 X 5 2 - ) - A G ° (6.2) (6.13) 
and the Kq and Xs2- determined from the present exper iments can be linearly regressed to 
extract values for W*^ and AG°^^ 2 ) ' s h o w n in Figure 6.7. The present exper iments return 
a value of 7 5 4 4 + 1 1 6 2 J -mole for the interaction parameter ( W " ) and - 1 4 , 4 5 1 + 6 1 2 J mole for 
-AG°(6.2) at 1.5 GPa, 1400 °C {i.e. AG\f,.2) = 14,451 J-mole). The AG°(6.2) equates to a value for 
the equi l ibr ium constant of reaction (6.2) of 2 . 8 2 + 0 . 1 2 . 
S h o w n in Figure 6.8 are the calculated act ivity-composit ion relations for Fe-S-Se liquids, 
demonstra t ing the small symmetr i c positive deviat ion from ideality. 
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Figure 6.8.: Activity composition relations for Fe-S-Se liquids at 1400 °C, 1.5 GPa. 
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6.4. Discussion 
Fractionation of sulfur and selenium between silicate liquids and sulfide liquids occurs due 
to the subtly different thermochemical behaviour of the two elements. Helmy et al. (2010) 
investigate the behaviour of the chalcogen and semimetal elements (S, Se, Te, As and Sb) in the 
system monosulfide solid solution (mss)-sulfide liquid, and note that selenium is incompatible 
in the crystalline sulfide phase, mss, relative to sulfide liquid. Tellurium, As and Sb are all 
more incompatible than Se. Selenium is present in the sulfide liquid as the Se^" ion, and, 
of all the elements investigated, has a covalent radius most similar to sulfur (Se^~: 1.20 A; 
S^": 1.05 A; Cordero et al., 2008), permitting straightforward substitution into the matrix of 
mss and other sulfide minerals. (Covalent radii were used by Helmy et al. (2010) and Liu 
and Brenan (2012), though similar result are obtained using ionic or atomic radii). In contrast, 
tellurium has a covalent radius of 1.38 A , explaining why ( -0 .02) is - 3 3 times 
smaller than '•I"''! (..^0.65)—Te is too large to easily fit into the crystal structure 
of mss, and it is more energetically favourable for Te to reside in the sulfide liquid. Similar 
relationships are to be expected for partitioning between silicate liquid and sulfide (liquid or 
crystalline) phases. As summarised in Chapter 5, S^" and Se^~ substitute for in silicate 
liquids. Oxide ions are significantly smaller than either sulfide or selenide, and the difficulty of 
replacing O^" with or Se^~ is manifest as the low solubility limit of and Se-~ in silicate 
liquids. Nevertheless, the larger selenide ions can be expected to fit less well into the structure 
of silicate liquids than sulfur, and thus silicate liquids could be expected to have a higher S / S e 
than coexisting sulfide phases (solid or liquid), consistent with the lower molar SeCSeS relative 
to SCSS under identical conditions. Similarly, the positive pressure dependence of K^^f, 2) 
p s U i c a t e l iqu id/su i f ide l iquid increasing difficulty of substituting O^" with the 
larger Se^" ion with increasing pressure; i.e. the respective partial molar volumes of Se^" and 
S^" in silicate liquid favour increasing S / S e of the silicate liquid with pressure. Similarly, O / S 
of silicate liquids in equilibrium with sulfide liquids increases with pressure. 
The pressure dependence of the present experiments suggest that with increasing pressure, 
the S / S e of the silicate liquid will also increase, such that deeper melting will leave a residue 
6.4. Discussion 
with lower S/Se than shallow melting. Ascending partial melts that react out will result in 
metasomatised mantle with increased S/Se. It is unsurprising that S/Se in the mantle is not 
significantly displaced from the chondritic value, and S/Se varies with depletion. The two 
main processes that vary S/Se, metasomatism and open-system partial melting have oppo-
site effects, but are ultimately limited by the relative solubility of S and Se in silicate liquids. 
That there is little evidence amongst mantle xenoliths or basaltic magmas for source regions 
with extremely high S/Se suggests that metasomatism by oxidised partial melts where S may 
dissolve as S''+, and Se remain as Se^", is not a widespread phenomenon (assuming that Se 
remains as Se^" at/q^ conditions where S is S''+). 
The uncertainty on the pressure series results is quite large, and the number of datapoints is 
only one more than the minimum for linear regression, (Figure 6.5). Nevertheless, the results 
of a weighted linear regression are statistically significant. The pressure dependence of the 
present experiments is in good agreement with the results of Rose-Weston et al. (2009), pre-
dicting increasing / s^^ 'f'deZ-silicate^  ^^  jj^^j ggig^jyff, jg increasingly chalcophile/siderophile 
with increasing pressure. Indeed, the present experiments agree with the slope of the pres-
sure dependence on log C)sulfide/silicate g u g g e s t g ^ ^y Rose-Weston et al. (2009) to - 1 0 % , though 
are offset to lower values by - 0 . 6 log osulfide/silicate compositions of the 
sulfide phase in the present experiments are outside the Henry's Law region (Figure 6.8), and 
using the Nernst partition coefficients to model compositions of Fe-S-Se liquids other than 
those of the experiments is inappropriate. 
The activity-composition relations determined herein can be employed to calculate parti-
tioning of S and Se between silicate and sulfide liquids in the natural range of S/Se for com-
parison with analyses of MORB glass and sulfide blebs. Plotted on the axes of Figure 6.9 are 
S / S e ( s , i i c a t e l iquid) values for MORB glasses from Jenner and O'Neill (2012) and S / S e ( 3 u i f i d e liquid) 
values for MORB sulfide blebs from Patten et al. (2013). The dotted lines represent the enve-
lope of KQ values predicted from the fit shown in Figure 6.7 after propagation of uncertainty 
in the fit. The shaded regions identify the expected composition of coexisting sulfide or sil-
icate liquids according to the symmetric regular solution model. Notably, the model is con-
sistent with only minor overlap between the two 'coexisting' population, and thus does not 
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Figure 6.9.: S / S e of silicate and sulfide liquids. Red points plotted on the ordinate are S / S e for 
MORB glass analyses of Jenner and O'Neill (2012). Green points on the abscissa 
are S / S e of MORB sulfide blebs from Patten et al. (2013). Dotted lines represent the 
envelope of Kp values from the fit of a symmetric regular solution model (Figure 
6.7) after error propagation. Shaded areas represent the predicted S / S e of the 
coexisting sulfide or silicate liquid. The darkest shaded region is where the model 
prediction is consistent with measured MORB data. 
6.4. Discussion 
describe the natural data as well as hoped. The natural data suggest a value for KpiS-Se) of 
~ 1 at S/Se(suifide liquid) of - 3 0 0 0 , whereas the model returns 1.5-2.0. A number of possible 
explanations will be examined. 
(1) The collection of additional datapoints to refine the activity-composition relations of FeS-
FeSe liquids may change the fit (Figure 6.7). The present fit involves only three datapoints, 
the absolute minimum for linear regression. Notably, there are no repeat measurements 
at the same composition to indicate experimental reproducibility. However, a value for 
KD of ~ 1 would be inconsistent with mantle xenolith studies that universally suggest that 
Se is more compatible than S, indicating that the activity-composition relation may not 
be the problem. 
(2) Sulfide liquids coexisting with MORE basalts are not simple Fe-S liquids, instead con-
taining significant Ni and Cu in addition to Fe. The presence of copper and nickel may 
alter the relative partitioning of S and Se. However, to produce the appropriate K^, the 
addition of Ni and Cu would make Se less stable in the sulfide liquid relative to S than is 
observed for the Fe-S system. This scenario is considered unlikely. 
(3) MORE basalts do not represent straightforward extraction of a single partial melt from the 
mantle. The pressure dependence of SCSS (Mavrogenes and O'Neill, 1999) implies that 
MORE melts become sulfur undersaturated as they ascend. All MORE magmas undergo 
some degree of fractional crystallisation in a magma chamber, or possibly more compli-
cated replenishment-eruption-fractional crystallisation cycles (O'Neill and Jenner, 2012). 
If the sulfide hquid blebs have equilibrated with a large mass of silicate liquid {i.e. R > 1), 
then the sulfide liquid should exhibit a lower S/Se , reflecting preferential partitioning of 
Se into the sulfide phase. Further experiments in the Fe-S-Se and Cu-Fe-Ni-S-Se systems 
are necessary to resolve the issue. 
Under the conditions of the present experiments (1.5 GPa, 1400 °C, ~ 8 wt. % FeO) the par-
tition coefficient for selenium between sulfide liquid and silicate liquid (o^u'f'de/silicate^ 
tween - 4 0 0 and - 5 2 0 . For a MORE liquid with 1250 ppm S, this partition coefficient predicts a 
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Se content in the silicate liquid between 180 and 330 ppb {cf 360+67 ppb Se for seafloor glasses 
Jenner and O'Neill, 2012), and a S / S e ratio between 2500 and 3500 in the sulfide (35 wt. % S, 
100-140 ppm Se). If a naive temperature correction is applied by simply altering the temper-
ature in Equation 6.13 to 1250 °C, values increase to between - 4 2 0 and - 5 5 5 . 
This value is lower than the D^^ifide/silicate ^^ ^JJQ reported by Peach et al. (1990). 
Wang et al. (2013) attempt to model observed S, Se and Te in peridotite xenoliths from Bal-
muccia via batch melting. They state (p. 37): 'Sulfide-silicate partition coefficients used in mod-
eling of sulfide silicate equilibrium (Dg = 393, Dg^ = 1770; Peach et al., 1990) barely fit the data 
for BM Iherzolites and hint that at loiv to moderate degree of partial melting or melt infiltration, Se is 
only slightly more compatible than S.' Partition coefficients derived from the present experiments 
suggest that Se is indeed less compatible than the Peach et al. (1990) data suggests, and more 
consistent with observations from mantle xenoliths. 
6.5. Summary 
The partitioning of S and S between basaltic silicate liquid and FeS-FeSe liquid was investi-
gated at 0.75-3.5 GPa, 1400-1500 °C. Experimental results indicate that Se is increasingly chal-
cophile with pressure, consistent with earlier experimental results. There is no significant 
temperature dependence over the temperature range investigated. Activity-composition re-
lations derived from partitioning experiments suggest that FeS-FeSe liquids can be described 
by a symmetric regular solution model with a small positive deviation from ideality. Partition 
coefficients predicted from the activity-composition relations are more consistent with natural 
abundances than the limited extant data. 
7. Conclusions 
The work presented herein has attempted to use experiments to collect new data to generate 
insights into the behaviour of selenium in magmatic systems, largely for comparison with the 
behaviour of sulfur. To that end, the results presented in this thesis do provide new insights 
regarding selenium and sulfur. 
Foremost is the finding presented in Chapter 3 that the speciation of selenium dissolved 
in anhydrous silicate liquids as a function of/o^ is not analogous to that of sulfur. In silicate 
liquids of geologically relevant composition, sulfur appears to dissolve only as S^" and the 
large number of electrons separating the two valence states (8) necessitates that the transition 
is substantially complete within 2 log units of /Q^. In contrast, selenium is demonstrated to 
dissolve into silicate liquids as Se^", Se''"^ and Se®" .^ The location of the transition 
relative to the transition was not constrained by the present study, but the results are 
not inconsistent with a region o f / • , space where Se^~ coexists with At all/Q, conditions 
greater than the transition, sulfur and selenium will exhibit different speciation. 
When both sulfur and selenium are in the reduced, 2- valence state the two elements behave 
in a geochemically similar fashion. The results presented in Chapter 5 demonstrate that both 
SCSS and SeCSeS have an asymmetric U-shaped dependence on the FeO content of a basaltic 
silicate liquid. This dependence arises due to the interplay of the negative dependence of 
SCSS/SeCSeS on the activity of FeO in the silicate liquid, and the positive dependence of the 
sulfide/selenide capacity on silicate liquid FeO content. For the range of FeO contents ob-
served in natural basaltic magmas, SCSS will have a positive dependence on FeO content. 
The demonstration of the asymmetric U-shaped dependence of SCSS on FeO content has sig-
nificant implications for the development of models for sulfide solubility in silicate melts, as 
7. Conclusions 
several extant models fail to describe the low-FeO behaviour. 
Investigation of endmember FeSe liquids is of little geochemical relevance, hovi'ever, the in-
vestigation of Fe-S-Se liquids is particularly relevant to those workers that investigate chalco-
gen and HSE elements in mantle xenoliths and magmatic ore deposits. The results presented 
in Chapter 6 represent a preliminary investigation into the effects of P and T on S-Se partition-
ing between sulfide and silicate liquids, as well as activity-composition relations in liquids 
along the FeS-FeSe join. Partitioning of S and Se between silicate and FeS-FeSe liquids indi-
cate that activity-composition relations can be described by a symmetric regular solution, with 
a small positive deviation from ideality (14.5 kj mol" ' ) , though there is ample scope for re-
fining this value. At S / S e values observed in natural samples, C)|uifide/silicate ^^  expected to 
be between - 4 2 0 and - 5 6 0 (at 1400 °C, 1.5 GPa). This value is more consistent with models 
of melt extraction from peridotite xenolith suites than the single value of 1770 reported by 
Peach et al. (1990). Selenium was demonstrated to become increasingly chalcophile with in-
creasing pressure, consistent with the suggestions of extant experimental investigations that 
Se becomes increasingly siderophile with pressure. The increasingly chalcophile behaviour 
with increasing pressure can be reconciled with the larger size of the Se^" ion relative to 
and O-'. The conclusions regarding S-Se partitioning are based on the minimum of experi-
mental data. Additional experiments should be conducted to refine the activity-composition 
relations and P dependence. Particular focus should be placed on refining analytical protocols 
for S in the silicate glass. 
The attempt to investigate Se speciation in hydrous granitic liquids was complicated by the 
presence of ubiquitous quench vesicles in the glass run products. The results seem to imply 
that there is a stability field for a species such as Se2 or a polyselenide. There is no evidence for 
such a species in the high temperature, anhydrous experiments. Further investigation employ-
ing an improved experimental method (r.g. rapid-quench CSPV or IHPV) will be necessary 
to unambiguously confirm selenium speciation, and the stability of Sej/polyselenide species. 
Such experimental methods are also appropriate for conducHng closed-system decompres-
sion degassing experiments, which will be necessary to clarify the degassing behaviour of 
selenium relative to sulfur. 
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A. Characterisation of Na-loss during SEM 
EDS analysis of H20-rich granitic glasses 
A.l. Introduction 
Since the early days of electron probe microanalysis the literature has contained reports of 
apparent time dependent decrease in Na and K count rates during analysis of alkali-bearing 
silicate/aluminosilicate glasses, minerals and frozen salt solutions. These reports have come 
from materials and glass science, and sub-disciplines of geology, namely experimental petrol-
ogy, tephrochronology, and melt inclusion studies. Considerable effort has been applied to 
the characterisation of this phenomenon, and whilst quantitative physical description of the 
process is still elusive, its manifestation is sufficiently well described that effective strategies 
for minimising alkali-loss are widespread in the literature. However, it is clear from the extant 
studies that alkali-loss is highly sensitive to glass composition, and published strategies may 
not be appropriate for other glass compositions. Furthermore, most published alkali-loss min-
imisation strategies have focused on WDS analysis, due to its higher sensitivity and perceived 
superior accuracy and precision. 
The samples prepared in Chapter 4 are rhyolites with relatively high H j O contents, synthe-
sised at 1.0 GPa, and are sufficiently different from glass compositions for which alkali-loss 
has been characterised in the literature that an investigation of alkali-loss is a necessary pre-
cursor to their analysis. Here I present a characterisation of Na and K loss from the Fe-bearing 
and Fe-free rhyolitic compositions of Chapter 4, utilising a JEOL JSM6400 SEM equipped with 
an Oxford Link-ISIS Pentafet EDS system. The approach taken here is somewhat different to 
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existing published investigations. Firstly, the samples being analysed are synthetic glasses, 
where the area of glass available for analysis is not a constraint; secondly, analysis is via EDS 
rather than WDS, so there is the constraint of acquiring sufficient counts across the entire en-
ergy spectrum for analysis of all major elements at acceptable precision, but also the advantage 
of the superior efficiency of EDS affording lower beam currents. Thus, in the present study, 
alkali loss is examined only as a function of rastered area, whilst accelerating voltage, beam 
current and live time are kept constant. In this manner an analytical protocol can be devised 
that requires no modification to the typical operating conditions of the JEOL JSM6400 (15 kV, 
1 nA), and will be of use to users wishing to analyse silicate glasses. 
A.1.1. Electric-field assisted alkali migration 
Time dependent decreases in Na and K count rates during analysis of alkali-rich minerals such 
as feldspars were identified in early reports on geological applications of EPMA (Baird and 
Zenger, 1966; Scholes et al., 1969; Siivola, 1969), and decreases in beam power ( m W / w e r e 
suggested as a solution. Other early reports of time dependent intensity changes during WDS 
EPMA analysis were from investigations of binary and ternary alkali silicate glasses (Varsh-
neya, 1966; Borom and Hanneman, 1967; Vassamillet and Caldwell, 1969). These early works 
explained time dependent count rate changes via the model of Lineweaver (1963), whereby in-
cident electrons lost kinetic energy and came to rest beneath the surface of the sample, forming 
a region of negative charge, the 'space-charge layer'. The negative electric field associated with 
this layer is able to attract positively charged ions, such as Na+ and K"*", which become mo-
bile due to heating by caused by energy-loss of incident electrons. Migration of Na+ and K"*" 
out of the excitation volume manifests as decreasing count rate as analysis progresses. The 
'space-charge layer' or electric-field induced migration model has formed the basis of our un-
derstanding of alkali-loss ever since. 
Vassamillet and Caldwell (1969) noticed an 'incubation period' during analysis of KjO-
S i O j + N a j O glasses, whereby the count rates from potassium decreased at a slow rate for a 
certain period of time (the 'incubation' period) before assuming the approximately exponen-
tial decrease observed by other authors. The incubation period was inversely proportional 
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to beam current density, and no incubation period was observed for sodium. The incuba-
tion period could be decreased by actively heating the sample to 83 °C whilst in the electron 
microprobe sample chamber, suggesting it was related in some way to temperature. 
Estour (1971) and Goodhew and Gulley (1974) demonstrated that higher accelerating voltage 
resulted in lower decrease of Na and K counts, as increasing beam energy results in the space 
charge layer forming deeper beneath the surface of the sample, reducing its effect on Na and 
K ions in the near surface region of x-ray generation. Walker and Howitt (1989) (their Fig. 
5) showed the effect of changing accelerating voltage mid-analysis produced a step-change 
in the count rate of Na and Si. Na count rate was observed to decrease with time until the 
accelerating voltage was increased, at which point a step change to higher count rate would 
occur, followed by decreasing count rate with time. 
Later investigations have attempted to quantify alkali loss by modeling the electric field as-
sisted migration of Na and K ions (Usher, 1981; Miotello and Mazzoldi, 1982), and comparing 
the calculated results with Auger electron spectroscopy. Monte Carlo simulations of electron 
trajectories have been used to model the electron distribution in an irradiated sample to feed 
into electric field modelling (Walker and Howitt, 1989). Direct measurement of the electric 
field generated by formation of a negative charge layer is difficult, so Regnier et al. (1986) in-
stead subjected soda-lime glass microscope slides to a 50 k V / c m electric field at 80 °C, and 
observed complete depletion of sodium up to 4 fim from the positive electrode. 
Jurek et al. (1996) and subsequent works from the same group (Hulinsky et al., 1996; Jurek 
et al., 1998; Gedeon et al., 1999,2000; Gedeon and Jurek, 2002,2004) have systematically inves-
tigated the response of alkali-silicate glasses to electron bombardment, specifically exploring 
the effect of composition and beam conditions on the 'incubation period'. Jurek et al. (1996) 
subjected KCS, KNCMAS and KNCMASF glasses to several minutes of high current (60-3000 
nA) electron bombardment, then sectioned and polished the bombarded area. Bombardment 
of their S I (KNCMASF) glass produced a dense surface layer several microns thick underlain 
by a second layer with channel structures, suggested to be parallel to the electric field lines of 
the space charge layer. The thickness of the dense surface layer was found to be proportional 
to absorbed current and bombardment duration, and the boundary between the two layers 
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becomes sharper with time. EPMA traverses across the layers revealed the surface layer to be 
devoid of alkalis, whilst there was enrichment of alkalis in the underlying layer. Similar alkali 
concentration profiles have been measured using SIMS by Humphreys (2006) and calculated 
by Miotello and Mazzoldi (1982). The region of maximum Na and K is located between half 
and two thirds of the maximum electron penetration depth, which is consistent with the re-
gion of highest electron density derived by Monte Carlo simulations of electron trajectories 
(Humphreys, 2006). 
Gedeon et al. (1999) relate observed incubation periods to the textures seen in their samples, 
noting that the end of the incubation period (onset of exponential decrease in potassium count 
rate) corresponds with the formation of interconnected channels in the lower layer. Gedeon 
et al. (1999) suggest that the channels are pathways of preferential alkali migration arising 
from damage to the glass structure. Rapid decrease in potassium count rate therefore re-
quires a particular 'percolation threshold' to be reached, that only occurs after the glass has 
sustained sufficient damage. Binary Na20-Si02 glasses did not exhibit such channels, leading 
to the suggestion that the small ionic radius of sodium permits it to migrate without signifi-
cant structural damage to the glass. This is in contrast to the findings of Goodhew and Gulley 
(1974) and Goodhew (1975) who was able to produce an incubation period for sodium, though 
at beam currents significantly lower than those of Gedeon et al. (1999) (0.2 nA vs. 60-3000 nA; 
Goodhew and Gulley (1974) and Goodhew (1975) do not provide a beam diameter, preventing 
calculation of current density). 
Gedeon and Jurek (2002) investigated incubation periods in K20-Si02, Rb20-Si02 and CS2O-
Si02 glasses, finding that at constant beam conditions, the incubation period is proportional to 
mass of the alkali species, indicating that alkali mobility is determined not only by the strength 
of the electric field, but also momentum transfer to the alkali ions from the incident electrons. 
Furthermore, the addition of CaO to a binary K20-Si02 glass composition increased the in-
cubation period, presumably due to changes in the glass structure retarding the formation of 
interconnected pathways for potassium migration. 
Physical changes to K20-Si02 glass in the region of electron bombardment were investigated 
by Gedeon et al. (2007) as a function of electron dose (coulombs/m^), using atomic force mi-
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croscopy (AFM), SEM imaging and EPMA. Changes to the irradiated area were dependent 
on electron dose, and distinct morphologies were identified with with increasing dose. Low 
electron doses produced a pit in the sample, that continues to deepen until the approximate 
time of the incubation period is reached. A bump then begins to grow from the bottom of the 
pit, and continues to grow with increasing irradiation. Eventually, the bump expands past 
the original surface of the glass. Gedeon et al. (2007) suggest that migration of potassium ions 
out of the irradiated volume is a necessary condition of expansion, which may be due to 'dan-
gling oxygen bonds' which start to interconnect into Si-O-Si-O units, forming a more rigid and 
larger volume structure. 
Alkali migration in geological samples 
Investigations into alkali migration in the geological literature has largely focused on charac-
terisation of the phenomenon in order to develop analytical protocols that produce the most 
accurate results. 
Autefage (1981), Nielsen and Sigurdsson (1981) and Kearns et al. (2002) investigated the 
effectiveness of cooling samples to cryogenic temperatures, and all studies agree that at low 
temperatures (-170 to -190 °C), Na loss from aluminosilicate glass is no longer observed un-
der typical analytical conditions. This is consistent with suggestions of other authors that the 
migration of alkalis is temperature dependent, and should cryostages become prevalent on 
electron beam instruments, represents the most straightforward method of eliminating alkali 
loss. Other published studies employing cryostages to minimise Na loss include Vielzeuf and 
Clemens (1992), Stevens et al. (1997), Spicer et al. (2004) and Laurie and Stevens (2012). Nielsen 
and Sigurdsson (1981) also make the significant contribution of identifying that Na-loss is ex-
ponential as a function of exposure time, and thus, when the natural log of instantaneous Na 
count rate is plotted against exposure time it will produce a straight line relationship. Extrap-
olation of this line to zero fime, should therefore give the initial Na count rate, and thus the 
true Na content. Nielsen and Sigurdsson (1981) also demonstrate that Na-loss is composition 
dependent, and significantly higher in silicic glasses than basaltic glasses. 
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Morgan and London (1996) and Morgan and London (2005) characterise Na-loss and Al-
and Si-gain in synthetic hydrous rhyolitic glasses typical of experimental petrology samples, 
in an effort to identify conditions where Na can be analysed without resorting to correcting 
the data. An important finding of Morgan and London (2005) is that automated electron mi-
croprobes equipped with WDS systems may begin electron bombardment of samples several 
seconds before x-ray counting begins, meaning that extrapolation of instantaneous Na count 
rate to zero time will not give the true zero time value. Current density is identified as the 
key parameter influencing Na-loss, though Na-loss is noted to be greater in hydrous glasses 
than anhydrous glasses so glass composition must also be considered. Morgan and London 
(2005) note that Na-loss is greater in peralkaline compositions, where a portion of the Na is not 
associated with Al, but instead as a terminal specie on non-bridging oxygens. This suggestion 
provides some context for the results of Gedeon, Jurek and others who primarily investigate 
binary K20-S i02 glasses, and thus their findings represent an extreme compositional case 
when compared to geological samples. 
The excellent study of Humphreys (2006) utilises SIMS depth profiling to examine Na, K, Li, 
Al, Si and H distribution in areas of irradiated synthetic and natural hydrous glasses. Depth 
profiles are consistent with those calculated by Miotello and Mazzoldi (1982) and measured by 
Jurek et al. (1996), with an alkali depleted upper region, and an alkali enriched lower region. 
The depth of the crossover between alkali depletion and alkali enrichment are different for 
each element, and are suggested to reflect the different diffusivities of elements as a function 
of temperature, although calculated temperatures using published diffusivities are noted to 
be inconsistent with the model of Hulinsky et al. (1996). Hydrogen concentration profiles are 
distinct from those of the alkalis, exhibiting enrichment towards the surface of the glass, sug-
gested to reflect repulsion of OH" ions by the 'space-charge layer'. Hydrous glasses develop 
more extensive alkali-depleted zones than anhydrous samples, consistent with the findings of 
Morgan and London (1996). 
The tephrochronology community has conducted several investigations (Hunt and Hill, 
1993, 2001; Coulter et al., 2010; Hayward, 2011) and interlaboratory comparisons (Hunt and 
Hill, 1996; Hunt et al., 1998; Kuehn et al., 2011) to help develop analytical protocols. Kuehn 
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et al. (2011), building on earlier work, highlight the importance of current density, beam expo-
sure time, order of element analysis on WDS instruments, count time optimisation and anal-
ysis of well characterised secondary standards as all being necessary to minimise alkali-loss 
and maximise accuracy and precision. 
A.2. Methods 
A.2.1. Experimental methods 
Experimental methods are described in Chapter 4. 
A.2.2. SEM EDS analysis 
Samples were analysed using a JEOL JSM6400 SEM equipped with an Oxford Link-ISIS Pentafet 
EDS system. Beam conditions consisted of 15 kV accelerating voltage, 1 nA beam current 
(measured at a faraday cup); a focussed beam of approximately 150 nm diameter was rastered 
over a 4:3 rectangular area of varying size. Samples were analysed for 100 seconds livetime, 
which resulted in an average total exposure time of 114.5+0.1 seconds. A conductive coating 
of carbon, ~ 1 5 nm thick was applied before analysis. Standards for quantification were: Na, 
albite; Mg, periclase; Al, albite; Si, sanidine; P, apatite; K, sanidine; Ca, diopside; Ti, rutile; 
Mn, rhodonite; Fe, hematite. 
In order to characterise alkali-loss as a function of rastered area, the relationship between 
the instrument parameter 'zoom', and the actual area covered by the raster was determined, as 
each raster size is associated with a unique 'zoom' value. This was accomplished by collecting 
secondary electron images of the contamination buildup on a previously analysed area, and 
relating the dimensions of the rastered area measured in pixels to the length of the scale bar 
measured in pixels. The area rastered by the JEOL JSM6400 is rectangular, with fixed aspect 
ratio (4:3, w:h), so the area can be defined as a function of 'zoom' and either x o r y dimension. 
The relationship between 'zoom' and the dimensions of the rastered area are shown in Figure 
A l . 
The H2O contents of silicate glasses were determined via FTIR as described in Appendix B. 
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Figure A.I.: JEOL JSM6400 SEM 'zoom' parameter plotted against raster area as measured 
from contamination build-up observed in secondary electron images. 
A.3. Results and Discussion 
The results of SEM EDS analysis of glass from experiment D1421 (aRhy composition, Re-
Re02; see Chapter 4) are presented in Tables A.l and A.2, as normalised elements and un-
normalised oxides, respectively. A comparison between normalised Na/Najnitial ^ f d un-
normalised Na20/Na20injti3| is presented in Figure A.2. Relative Na content (Na/Najnitjai) of 
rhyolitic glass as a function of the log of average current density of the rastered area is plotted 
in Figure A.3, and apparent Na content as a fraction of initial Na content is shown as a function 
of diagonal raster length in Figure A.4. 
As expected, reduction of the rastered area, and consequent increase in current density re-
sults in a decrease in apparent Na content. Spot mode on the JEOL JSM6400 results in an 
apparent Na content almost 60% lower than that measured with a ~ 60 x 45 raster. The 
relationship between apparent Na content and log current density shown in Figure A.3 is con-
sistent with that shown by Morgan and London (2005, Fig. 3b). Two regimes were identified 
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by Morgan and London (2005): low relative Na loss (<10 %) at current densities at less than 0.5 
n A / a n d increasingly rapid Na loss at current densities greater than 0.5 nA/fim^. These 
two regimes can be identified in the present data, though they occur at slightly lower current 
density values, presumably due to a combination of the higher H j O content of the glass and 
the significantly longer exposure time (up to 60 times longer at the highest current density). 
Un-normalised totals average ~ 88 wt. %, whereas H2O content was determined to be wt. % 
by reflectance FTIR. The normalised results reproduce the nominal composition well. It is un-
clear why the Oxford quantification method performs so poorly on hydrous glasses. Prelim-
inary attempts at quantification of oxygen (not reported here) returned totals - 9 6 % , though 
this was conducted without the careful standardisation and attention to coating thickness re-
quired for precise oxygen quantification. A possible explanation is accumulation of OH" in 
the excitation volume due to repulsion by the space-charge layer, though in that case, the to-
tals could be expected to correlate with current density, with lower totals at higher current 
density. This is observed only at the highest current densities (Table A.2), and therefore is 
not a straightforward solution for the observed low totals. Conversely, O H ' migration could 
be significantly more rapid and more sensitive to current density than Na+ migration, such 
that the low totals reflect O H " migration, even at the lowest current densities. Nevertheless, 
the results serve to demonstrate dangers associated with the 'difference from 100' method for 
determining H2O content. 
The convenience of using standard operating conditions (accelerating voltage, beam current, 
live time) for all analyses, and varying current density via raster area is not without drawbacks. 
Analysing large areas can introduce uncertainties related to the homogeneity of the sample on 
the scale of the raster area. For example, in experimental run products there is the possibility 
of encountering small < 1 (im mineral phases or vesicles, or surface irregularities arising from 
polishing soft hydrous glasses. Additionally, rastering of the electron beam in not advisable 
in conjunction with a WDS analysis system due to Bragg defocusing. A WDS system can be 
used, however, if the sample stage is rastered beneath a static electron beam. 
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label wt. % wt, % wt, % wt, % wt. % wt. % wt. % wt. % wt. % jim^ Hm seconds n A . f i m " - mj . f tm"^ 
11W285-001 49.29 2.71 0,25 8,14 34.85 3.72 0.83 0.21 100,00 2000 2670 60 45 75 114.5 3 .75E- i 6.43E-4 0.99 0.98 
j lw285-002 49.36 2.73 0,21 8,10 34.97 3.58 0.81 0.24 100,00 2000 2670 60 45 75 114.5 3.75E-4 6.43E-4 1.00 0.94 
|lw285-004 49.34 2.67 0.21 8.15 34.93 3.69 0.74 0.27 100,00 2000 2670 60 45 75 114.6 3.75E-4 6.44E-4 0.98 0.97 
ilw285-005 49..37 2.69 0.22 8.01 35.09 3.69 0.73 0.20 100,00 2000 2670 60 45 75 114.5 3.75E-4 6.43E-4 0.99 0.97 
j lw285-007 49.37 2.64 0.23 8.07 35.02 3.62 0.81 0.24 100.00 3000 1205 40 30 50 114.6 8..30E-4 1.43E-3 0.97 0.95 
j lw285-009 49.35 2.64 0.21 8.27 34.89 3.66 0.83 0.16 100.00 3000 1205 40 30 50 114.6 8.30E-4 1.43E.3 0.97 0.97 
j l w 2 8 M 1 0 49.40 2.62 0.21 8.03 35.10 3.62 0.79 0.23 100.00 5000 442 24 18 30 114.6 2.26E-3 3.89E-3 0.96 0.96 
jlw285-011 49.34 2.60 0.25 8.20 34.91 3.71 0.83 0.16 100.00 5000 442 24 18 30 114.6 2.26E-3 3.89E-3 0.95 0.98 
j lw285-012 49.37 2.55 0.23 8.19 34.98 3.68 0.83 0.17 100.00 5000 442 24 18 30 114.6 2.26E-3 3.89E-3 0.94 0.97 
jlw285-013 49.32 2.52 0.18 8.16 34.92 3.77 0.89 0.23 100.00 7000 229 17 13 22 114.5 4,38E-3 7.52E-3 0.93 0.99 
j lw285-014 49.35 2.57 0.19 8.20 34.94 3.76 0.79 0.22 100.00 7000 229 17 13 22 114.6 4,38E-3 7.52E-3 0.94 0.99 
j lw285-015 49.35 2.60 0,21 8.10 34.98 3.70 0.81 0.26 100.00 7000 229 17 13 22 1 1 4 5 4..38E-3 7.52E-3 0.95 0.97 
|lw285-016 49.42 2.50 0,18 8.06 35.13 3.64 0.79 0.27 100.00 12000 79 10 8 13 114.7 1.26E-2 2.17E-2 0.92 0.96 
j lw285-017 49.37 2.48 0,19 8.09 35.04 3.79 0.78 0.26 100.00 12000 79 10 8 13 114,5 1.26E-2 2.16E-2 0.91 1.00 
Jlw285-018 49.41 2.53 0,16 8.17 35.03 3.65 0.79 0.26 100.00 12000 79 10 8 13 114,5 1.26E-2 2.16E-2 0.93 0.96 
ilw285-019 49.54 2,29 0.20 8.17 35.26 3,58 0.77 0.20 100.00 20000 29 6 5 8 114,5 3.43E-2 5,89E-2 0.84 0.94 
|lw285-020 49.45 2.36 0.19 8.21 35.09 3,67 0.80 0.22 100.00 20000 29 6 5 8 114.6 3.43E-2 5,90E-2 0.86 0.97 
ilw283-021 49.49 2,32 0.19 8.13 35.23 3,65 0.81 0.17 100.00 20000 29 6 5 8 114.6 3.43E-2 5,90E-2 0.85 0.96 
j lw285-022 49.58 1,99 0.22 8.20 35.30 3.70 0.78 0.22 lOO.OO 40000 7.5 3.2 2.4 3,9 114.6 1.34E-1 2,30E-1 0.73 0.97 
jlw285-02,1 49.56 2,02 0,26 8,26 35.23 3.69 0.78 0.19 100.00 40000 7.5 3.2 2.4 3,9 114.5 1..34E-1 2,30E-1 0.74 0.97 
|lw285-025 49,77 1,64 0,23 8,36 35.50 3.50 0.79 0.21 100.00 lOOOOO 1.2 1.3 1.0 1,6 114.6 8.07E-1 l ,39E+0 0.60 0.92 
j lw285-024 49.81 1,56 0,21 8,34 35.57 3.46 0.83 0.23 100.00 100000 1.2 1.3 1.0 1,6 1 1 4 8 8.07E-1 l ,39E+0 0.57 0.91 
j lw285-026 49.77 1,60 0,22 8,17 35.60 3.51 0.84 0.30 100.00 100000 1.2 1.3 1.0 1.6 114.7 8.07E-1 l ,39E+0 0.59 0.92 
j lw285-027 50.02 1,27 0,27 8,46 35.76 3.13 0.87 0.22 100.00 300000 0.14 0.44 0,33 0.55 114.7 6.97E+0 1.20E+1 0.46 0.82 
j lw285-028 50.02 1.27 0,25 8,38 35.83 3.20 0.85 0.20 100.00 300000 0.14 0.44 0,33 0.55 114.3 6.97E+0 1.19E+1 0.47 0.84 
j lw285-029 50.06 1,23 0,23 8..50 35.83 3.16 0.78 0.21 100.00 300000 0.14 0.44 0,33 0.55 1 1 4 8 6.97E+0 1.20E+1 0,45 0.83 
ilw285-030 50.17 1,23 0,21 8.35 36.08 2.95 0.80 0.22 100.00 spot 0.018 - 0.015 114.1 5.66E+1 9.69E+1 0,45 0.78 
jlw285-031 50,18 1,17 0,21 8.36 36.08 2.93 0.84 0.23 100.00 spot 0.018 0.015 1 1 4 5 5.66E+1 9.72E+1 0,43 0.77 
Table A.I.: Data has been normalised to 100% anhydrous composition. All analyses conducted at a beam current of 1.0 nA and an 
accelerating voltage of 15 kV. 'realtime' is the sum of livetime and deadtime. (N 
A.3. Results and Discussion 





wt . % 
M s 
wt . % 
A1 
wt . % 
SI 
wt . % 
K 




wt . % 
Total 
wt. % 






j l w 2 8 5 - 0 m 321 0 . 3 6 13 .54 65 .63 0 . 1 3 3 .94 1.02 0.31 8 8 1 5 2000 2670 60 45 1.00 
j l w 2 8 5 - 0 0 2 3 , 2 3 0 . 3 0 13.45 65.71 OlO 3 .79 1.00 0.,35 87 .93 2000 2670 60 45 1.00 
j l w 2 8 5 - 0 0 3 3 .04 0 . 3 0 13 .54 65 .75 0 .09 3 . 9 8 1.08 0.31 88 .09 2000 2670 60 45 0.94 
j l w 2 8 5 - 0 0 4 3 . 1 8 0 .31 13.59 65 .90 0 .09 3 .92 0.91 0.39 88 .29 2000 2670 60 45 0.98 
j lw285-Q05 3 .22 0 . 3 3 13.41 6 6 . 5 6 0 .01 3 .94 0 .90 0 . 3 0 88 .67 2000 2670 60 45 1.00 
i lw285-006 3 .09 0 .29 13.45 65 .55 0 .07 3.94 0 .96 0 .30 87 .65 2000 2670 60 45 0.96 
) lw285-007 3 .14 0 . 3 3 13 .44 66 .00 0 .09 3 .84 1.00 0 .35 88 .19 3000 1205 40 30 0 .97 
i lw285-008 3 0 3 0 .30 13 .50 66 .18 0 . 1 0 3 .84 0 .89 0,36 88 .20 ,3000 1205 40 30 0.94 
i lw285-009 3 . 1 5 0 .31 13 .84 66 .14 0 . 1 8 3.91 1.03 0 .23 88 .79 3000 1205 40 30 0 .98 
j lw285-010 3 .12 0 .31 13.42 66.41 0 .13 3 .86 0 .98 0 ,34 88 .57 5000 442 24 18 0 .97 
j l w 2 8 5 - 0 1 1 3 .11 0 .37 13.73 66 .18 -0 .04 3 .96 1.03 0,24 88 .58 5000 442 24 18 0.96 
|lw285-012 3 .04 0 . 3 3 13.66 66 .10 0.01 3.91 1 0 3 0 ,25 88 .33 5000 442 24 18 0.94 
j l w 2 8 5 - 0 1 3 3 .02 0 .27 13 .68 66.31 0 .05 4 . 0 3 1.10 0 ,34 88 .80 7000 2 2 9 17 13 0.93 
| lw285-0U 3 .05 0 .28 13 .66 65 .93 0 .08 3 .99 0 .97 0,32 88 .28 7000 229 17 13 0.94 
] lw285-015 3 .09 0 .31 13.51 66 .06 0 .14 3 .93 1.00 0 ,38 88.42 7000 229 17 13 0 .96 
j l w 2 8 5 - 0 1 6 2 .97 0 .27 13.42 6 6 . 2 7 0 .13 3 .87 0 .98 0.39 H8..30 12000 79 10 8 0.92 
] l w 2 8 5 - 0 1 7 2 .95 0 . 2 8 13.52 66 .28 0 .07 4 .04 0 . 9 6 0 .39 88 .49 12000 79 10 8 0.91 
j l w 2 8 5 - 0 1 8 3 .02 0 . 2 3 13.67 66 .36 0.11 3 .89 0 .98 0 .39 88 .65 12000 79 10 8 0.93 
i l w 2 8 5 - 0 W 2 .73 0 . 3 0 13 .64 66 .66 0 .10 3 .81 0 .95 0.29 88 .48 20000 29 6 5 0.85 
j l w 2 8 5 - 0 2 0 2 .80 0 .28 13 .68 66 .18 0.05 3 .90 0.99 0..32 88 20 20000 29 6 5 0 .87 
j l w 2 8 5 - 0 2 1 2 . 7 5 0 .27 13.49 66 .19 0 .12 3 .86 1.00 0.25 87 .93 20000 29 6 5 0 .85 
|lw285-022 2 .37 0 . 3 3 13.72 66 .85 0.11 3 .94 0 9 7 0.33 8 8 6 2 40000 7 3 2 0 .73 
j l w 2 8 5 - 0 2 3 2 .41 0 . 3 8 13 .79 66 .57 0 .03 3 .93 0 .97 0 .28 88 .36 4 0 0 0 0 7 3 2 0 .75 
) l w 2 8 5 . 0 2 4 1.85 0 . 3 0 13.90 67 .15 aio 3.68 1.02 0 .34 88 .34 100000 1 1 1 0 .57 
j l w 2 8 5 - 0 2 5 1.95 0 . 3 3 13 .90 66 .86 0 .12 3.71 0 .97 0.31 88 .15 100000 1 1 1 0.60 
|lw285-026 1 9 0 0 .32 13.63 67 .25 0 .03 3 .73 1 0 4 0 .44 88 34 100000 1 1 1 0.59 
j l w 2 8 5 - 0 2 7 1.51 0 . 4 0 14 .13 67 .60 0 .19 3 .33 1 .07 0 .32 88 .55 3 0 0 0 0 0 0 0 0 0 .47 
ilw28.'i-028 1 48 0 . 3 6 13 .70 66 .29 0 .13 3 .33 1.03 0.29 86.61 300000 0 0 0 0 .46 
j l w 2 8 5 - 0 2 9 1.47 0 .34 14 .24 6 7 . 9 7 0 .11 3 .37 0 .97 0 .31 88 .78 300000 0 0 0 0 .46 
|lw285-030 1.41 0 .29 13.41 65 .60 0 .16 3.02 0 9 5 0.31 85 15 spot 0 0.44 
j l w 2 8 5 - 0 3 1 1.37 0 . 3 0 13.72 67 .06 0 .13 3 .07 1.02 0 .34 8 7 0 1 spot 0 - 0 .42 
Table A.2.: Un-normalised SEM EDS data. All analyses conducted at a beam current of 1.0 nA 
and an accelerating voltage of 15 kV. 
A. Characterisation ofNa-loss during SEM EDS analysis of H20-rich granitic glasses 
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Figure A.2.: Normalisation of the data has no impact on the determination of Na loss. Solid 
line is the 1:1 line. 
A.4. Recommendations 
When using the JEOL JSM6400 SEM at 15 kV, 1.0 nA and 100 seconds live time, hydrous silicate 
glasses can be analysed without Na loss at a zoom value of less than x4000 (30 x 23 (im; 0.0014 
nA/jim^). Minor Na loss (<10% relative) vi'ill be observed at zoom values between x4000 
and xl5,000 (8 x 6 iim; 0.02 nA/jim^). Extreme caution must be employed when using the 
highly focussed ~150 nm diameter electron beam for quantitative analysis of any materials, as 
the extremely high current density (57 nA/yim^) is likely to cause damage even to anhydrous 
crystalline substances. Should Na-loss be common when analysing crystalline substances, 
standardisation methods need to be adjusted accordingly. 
A.5. Future Work 
The occurrence of hydrogen enriched region proximal to the surface in the study of Humphreys 
(2006) was interpreted to reflect repulsion of OH" by the space charge layer. Similar behaviour 
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Figure A.3.: Relative Na content of silicate glass as a function of average current density of 
rastered area. Variable current density was achieved by varying the area rastered 
by the ~150 nm beam (1.0 nA, 15 kV). Initial Na content is taken as the highest 
value returned at zoom = 2000. 
A. Characterisation ofNa-loss during SEM EDS analysis ofH20-rich granitic glasses 
0 1 0 20 30 40 60 60 70 
diagonal raster length (|jm) 
Figure A.4.: Apparent Na content of silicate glass as a function of raster length (diagonal of 4:3 
rectangular area) at constant analysis conditions of 1 nA,15 kV, and 100 seconds 
livetime. 
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Figure A.5.: Decrease in the intensity of the Na K„ peak with increasing current density. 
A.5. Future Work 
could therefore be expected for other negatively charged species, such as F " and CI ^ with po-
tentially significant implications for the analysis of these elements via electron-beam methods. 
Fluorine and chlorine migration can be investigated in the same manner as Na-loss has been 
in the present study. 
The relationship between raster area and Na loss shown in Figure A.4 could be further de-
veloped as a 'calibration curve' for samples with limited opportunity for large area analysis. 
/I. Chnracterisation of Na-loss during SEM EDS analysis ofH20-rich granitic glasses 
B. Quantification of glass H2O content via 
FTIR 
B.l. FTIR micro-reflectance analysis 
The glasses examined in this study are quite HjO-rich, necessitating quantification of their 
water content. Transmission FTIR (Fourier Transform Infrared Spectroscopy) of glasses with 
H2O contents similar to those produced in this study requires the preparation of doubly pol-
ished wafers approximately 200 microns thick. For a large number of samples this is a tedious 
undertaking. Fortunately, the relatively high H j O content of the glasses from this study makes 
them an well suited to analysis by reflectance FTIR (Grzechnik et al., 1996; Moore et al., 2000; 
King and Larsen, 2013). 
Polished half sections of capsules cast in epoxy mounts were analysed in reflectance mode 
using a Bruker Tensor 27 infrared spectrometer equipped with a Globar (SiC) infra red light 
source, KBR beam-splitter and a Bruker Hyperion microscope with a liquid nitrogen cooled 
MCT detector. To reduce background levels of atmospheric gasses, a specially constructed 
cabinet surrounding the microscope stage were purged with dry air, and a freshly dried petri 
dish of silica gel desiccant was kept in the cabinet at all times. Reflectance analyses were made 
using a 36x objective and a 40 x 40 sample area defined by a rectangular aperture between 
the objective and the microscope. Analyses were made on areas of crystal-free glass. The 
spectral range was 6500-600 c m " \ with a resolution of 4 and 200 scans. Six replicate 
analyses were collected on each sample, preceded by collection of a background spectrum on 
a gold-coated mirror, which served to calibrate the instrument response as Au has reflectivity 
B. Quantification of glass HjO content via FTIR 
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Figure B.I.: Example of reflectance spectra from JLW290 (fRhy, Co-CoO). Inset shows - 1 6 2 0 
molecular H2O peak. 
of almost 100% throughout the infrared region. 
The reflectance (%) spectrum was smoothed with a 21 point Savitzky-Golay filter and multi-
ple scans for each sample were aligned and averaged. The averaged scan was then converted 
to KK absorbance by applying a Kramers-Kronig transform implemented in the Bruker Opus 
software. For a discussion of the theoretical background of reflectance infrared spectroscopy, 
see Grzechnik et al. (1996) and references therein. For completeness, the KK transform is: 
e(v*) = -
2n J 
V + V* \dlogR(v) 
dv 
dv (B.l) 
where 6 is the phase angle, v is the real portion of the frequency, v* is the imaginary portion 
of the frequency and K(v) is the measured reflectance function. In this expression, v* is the 
frequency at each point of interest in the range, and v is the integrated variable. 
The peak representing molecular water (HjOm;,]), at - 1 6 2 0 cm" i was quantified in two 
ways, by integration (Opus integration method 'B'), and by height (Opus integration method 
B.l. FTIR micro-reflectance analysis 
1.0 









0.6 - i 
0.4 -
0.2 - 1800 I7M 1700 1650 ISOO 1650 1500 / 
wavenumber (cm"i) 
0 . 0 
3000 2500 2000 1500 
wavenumber (cm"') 
1000 
Figure B.2.: Example of KK transformed reflectance spectra from JLW290 (fRhy, Co-CoO). In-
set shows ~ 1 6 2 0 cm"^ molecular H2O peak. 
Run ID mix buffer 
thickness 
(im 





wt. % wt. % 
H2C),otal 
Wt. % 
C4191 fRhy Pt-Pt02 197(1) 59(1) 245(2) 2.01(20) 7.06(71) 9.06(74) 
C4207 aRhy Co-CoO 231(4) 71(1) 264(1) 1.86(19) 5.85(60) 7.71(62) 
C4196 aRhy Fe304-Fe203 179(2) 47(2) 172(7) 1.57(18) 4.85(53) 6.43(56) 
D1409 fRhy Ni-NiO 215(2) 65(1) 215(2) 2.08(21) 5.77(58) 7.84(62) 
Table B.l. : Water contents calculated by transmission FTIR. Thickness based off the average 
of 6 measurements. Parameters for fRhy composition: Equ = 1.18(12); f „ , o = 
1.40(14); p = 2270(11) g / L . Parameters for aRhy composition: Eqh = 1-33(13); 
£ h o = 1 . 5 8 ( 1 6 ) ; / ? = 2 2 4 0 ( l l ) g / L . T T refers to thenormalisation method described 
by Ohlhorst et al. (2001). Molar absorption coefficients were calculated using the 
expressions provided in Table 4 of Ohlhorst et al. (2001). Density values were es-
timated by regressing density data of hydrous glasses from Behrens and Jantos 
(2001) against FeO content, ^not analysed at synchrotron 
B. Quantification of glass H2O content via FTIR 
Run ID mix buffer 
ANNO 
H 2 0 , „ O 
height 
H 2 0 , „ O 








C4206 aRhy M0-M0O2 -5.80 0.026(1) 1.529(46) 7.71(49) 7.58(61) 7.64(39) 0.48(4) -6.44(8) 
C4207 aRhy Co-CoO -1.46 0.023(1) 1.384(42) 6.82(43) 6.86(55) 6.84(35) 0.43(4) -2.20(8) 
D1420 aRhy Ni-NiO 0.00 0.024(1) 1.404(42) 7.11(45) 6.96(56) 7.04(36) 0.44(4) -0.71(8) 
D1418 aRhy N N O - r -0.20 0.024(1) 1.564(47) 7.11(45) 7.75(62) 7.43(39) 0.47(4) -0.20(27) 
C4201 aRhy NNO+l- 0.82 0.023(1) 1.489(45) 6.82(43) 7.38(59) 7.10(37) 0.44(4) 0.82(5) 
D1421 aRhy Re-ReOj 2.04 0.024(1) 1.437(43) 7.11(45) 7.12(57) 7.12(37) 0.45(4) 1.34(8) 
C4202 aRhy NNO+2' 1.42 0.021(1) 1.190(36) 6.22(40) 5.90(48) 6.06(31) 0.38(3) 1.42(17) 
C4203 aRhy NNO+3* 2.30 0.025(1) 1.548(46) 7.41(47) 7.67(62) 7.54(39) 0.47(4) 2.30(31) 
C4195 aRhy MnO-MnjOi 3.98 0.025(1) 1.474(44) 7.41(47) 7.31(59) 7.36(38) 0.46(4) 3.30(8) 
C4196 aRhy FejOi-FejO, 4.28 0.025(1) 1.572(47) 7.41(47) 7.79(63) 7.60(39) 0.48(4) 3.64(8) 
D1412 aRhy Ru-RuOj 7.38 0.028(1) 1.708(51) 8.30(53) 8.47(68) 8.38(43) 0.52(5) 6.82(8) 
C4190 aRhy Ft02 11.50 0.030(1) 1.826(55) 8,89(57) 9.05(73) 8.97(46) 0.56(5) 11.00(8) 
C4200 aRhy Pd-PdO 12.34 0.030(1) 2.069(62) 8.89(57) 10.26(83) 9.57(50) 0.60(6) 11.89(8) 
C4206 fRhy M0-M0O2 -5.80 0.029(1) 1.755(53) 8.59(55) 8.70(70) 8.65(45) 0.54(5) -6.33(8) 
C4207 fRhy Co-CoO -1.46 0.027(1) 1.618(49) 8.00(51) 8.02(65) 8.01(41) 0.50(5) -2.06(8) 
D1409 fRhy Ni-NiO 0.00 0.024(1) 1.325(40) 7.11(45) 6.57(53) 6.84(35) 0.43(4) -0.74(8) 
D1420 fRhy Ni-NiO 0.00 0.025(1) 1.391(42) 7.41(47) 6.90(56) 7.15(36) 0.45(4) -0.70(8) 
D1418 fRhy N N O - r -0.20 0.022(1) 1 .300(39) 6.52(42) 6.44(52) 6.48(3.3) 0.41(4) -0.20(27) 
C4201 fRhy NNO+l ' 0.82 0.021(1) 1.218(37) 6.22(40) 6.04(49) 6.13(31) 0.38(4) 0.82(5) 
D1421 fRhy Re-ReOj 2.04 0.024(1) 1.496(45) 7.11(45) 7.42(60) 7.26(38) 0.45(4) 1.36(8) 
C4202 fRhy NNO+2> 1.42 0.024(1) 1.454(44) 7.11(45) 7.21(58) 7.16(37) 0.45(4) 1.42(17) 
C4203 fRhy NNO+3* 2.30 0.021(1) 1.167(35) 6.22(40) 5.78(47) 6.00(31) 0..38(3) 2.30(31) 
C4196 fRhy Fe304-Fe,03 4.28 0.025(1) 1.491(45) 7.41(47) 7.39(60) 7.40(38) 0.46(4) 3.61(8) 
D1413 fRhy Ru-RuOj 7.38 0.032(1) 2.001(60) 9.48(61) 9.92(80) 9.70(.50) 0.61(6) 6.95(8) 
D1415 fRhy MnjOi-MnjOa 10.96 0.024(1) 1.361(41) 7.11(45) 6.75(54) 6.93(35) 0.43(4) 10.24(8) 
C4191 fRhy Pt02 11.50 0.032(1) 1.911(57) 9.48(61) 9.47(76) 9.48(49) 0.59(5) 11.05(8) 
D1417 fRhy Pd-PdO 12.34 0.027(1) 1.615(48) 8.00(51) 8.01(65) 8.00(41) 0.50(5) 11.74(8) 
Table B.2.: Water contents, A H J O ' and/Q^ calculated by reflectance FTIR. 
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Figure B.3.: Correlation between peak height and peak area of the 1620 c m " ' molecular H2O 
peak of the KK absorbance spectrum. Open symbols are fRhy composition; closed 
symbols are aRhy composition. 
'K'). The background below the peak was fit with a straight line between ~1720 and ~1550 
c m " ' . The relationship between height and area is presented in Figure B.3. 
B.2. Transmission FTIR analysis 
In order to quantify the reflectance data, two samples each of both Fe-bearing and Fe-free rhy-
olites were chosen for transmission FTIR analysis. Polished, sectioned capsules mounted in 
epoxy discs were thinned from the backside until the capsule was just exposed. The disc was 
then placed in a mould and more epoxy was cast on to the polished side, such that the sam-
ple could be thinned and polished to create a doubly polished wafer without the difficulty of 
manipulating a fragile, thin sample. Sample thickness was monitored by reading the gradu-
ated dial controlling stage height of an optical microscope when focusing on the upper and 
lower polished surfaces of the wafer. When the sample had been polished to a thickness of 
approximately 200 fim the epoxy mount was soaked in dichloromethane to release the wafer. 
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Figure B.4.: FTIR transmission spectra used to calibrate reflectance measurements. Spectra are 
offset for clarity. 
Wafer thickness was measured with a Mitutoyo Absolute Digimatic indicator (3 (im manufac-
turer stated accuracy). Five or six measurements were made of each sample, referencing the 
indicator to zero between measurements. Transmission infrared spectra were measured using 
the same apparatus as reflectance spectra. The only differences in analytical parameters were 
the use of a 15x objective, a 40 x 40 ^m sample area, a spectral range of 650-5400 c m " ' , the 
collection of 256 scans, and the placement of the sample over an aperture in an aluminium 
disc for measurement. 
Water concentrations were calculated using the baseline corrected peak heights of both the 
4500 c m " ' (OH group combination vibration) and 5200 c m " ' (molecular H j O bending and 
stretching) bands, using the 'TT' (straight line) method described by Ohlhorst et al. (2001). 
Quantification also requires the density of the glass and the molar absorption coefficients for 
the NIR bands in question, which are unique to a given silicate melt composition. Fortunately, 
Ohlhorst et al. (2001) provide an expression permitting calculation of molar absorption coef-
ficients for the 4500 c m " ' (eqh) and 5200 " ' ( eh jo ) bands based only on S iOj content of the 
B.2. Transmission FTIR analysis 
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Figure B.5.: Linear regression of silicate glass FeO content and silicate glass density data of 
Behrens and Jantos (2001). Datapoints are from 200-500 MPa experiments with 
H j O contents of 6-10 wt. %. Uncertainty in the fit is 1 standard error. 
silicate glass. Whilst Ohlhorst et al. (2001) warn that e values may become very uncertain if ap-
plied to compositions that deviate significantly from those used to derive the expression, the 
two rhyolite compositions investigated in the present study are sufficiently similar to the EDF 
granite composition of Withers and Behrens (1999) that any uncertainty is considered accept-
able. Behrens and Jantos (2001) report an excellent dataset of granite glass densities, covering 
a range of granite compositions and H2O contents. In a naive attempt to calculate densities, 
the densities of glasses from Behrens and Jantos (2001) hydrated at 200 MPa (H2O contents 
between 6.07 and 9.94 wt. %) were linearly regressed against their nominal FeO contents (Fig-
ure B.5), and densities calculated for the present compositions based on nominal FeO content, 
returning a density of 2240(11) g / L for the Fe-free rhyolite (aRhy) and 2270(11) g / L for the 
Fe-bearing rhyolite composition, assuming an uncertainty of 0.5%. Results are presented in 
Table B.l . 
B. Quantification of glass HjO content via FTIR 
B.3. Quantification of reflectance data 
The strategy for quantification of reflectance data is to calibrate the height/area of the 1620 
molecular H2O peak against the total H2O content determined by transmission FTIR. 
Such a calibration is based on the assumption that the speciation of H2O (OH" and H20moi) is 
constant. The four transmission measurements returned an average HjOn^oi/OH" of 3.13(30). 
The regression of H2O transmission against reflectance H2O]600 by height and area are shown 
in Figures B.6 and B.7, respectively. The results of H2O quantification using this calibration is 
presented in Table B.2. Uncertainty has been propagated through the quantification calcula-
tion using standard error propagation techniques. The activity of H2O was determined using 
a cHjOsat value of 16.0+1.2 wt. % (see Chapter 4), and assuming ideal behaviour of H2O in 
the silicate liquid. The/o^ of the inner capsules of double capsule experiments with pure H2O 
in the outer capsule have been corrected accordingly. The relationship between AHJO AR^D /Q^ 
is presented in Figure B.8. 
B.4. Future work 
As the present dataset covers a relatively small range of H2O contents, the resulting calibration 
curves (Figures B.6 and B.7) could be far better constrained with the addition more data cov-
ering a wider range of H2O contents. This is an endeavour that is worthy of effort, particularly 
if a suite of silicate liquid compositions are expected to see extensive use in an experimental 
campaign, as the minimal sample preparation required for transmission FTIR measurements 
make it much more attractive than transmission FTIR. 
The assumption that the speciation of H2O in the present experiments (relative proportions 
of OH~ and H20n,„|) is presumably valid as all experiments were conducted under the same 
P-T conditions, though small variations in quench rate between single capsule and the two 
styles of double-capsule experiment could have an influence. Thus, the 3600 c m " ' KK ab-
sorbance peak for total H2O should be quantified to test the assumption. 
B.4. Future work 
10.5 I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 





















5.5 r i I I I I I I I I 
^ H2O = 296.35± 16.67 x height : 
I I I I I I I I I I I I I I I I I I I I I I I I I 
0.020 0.022 0.024 0.026 0.028 0.030 0.032 0,034 0.036 
height (KK absorbance units) 
Figure B.6.: Regression of height of the KK absorbance H20n,oi peak at 1620 cm"^ against 
total H j O content determined by transmission FTIR. The fit is constrained to pass 
through the origin; the uncertainty on the slope is 1 standard error (16.67). 
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Figure B.7.: Regression of area of the KK absorbance H20n,oi peak at 1620 against to-
tal H2O content determined by transmission FTIR. The fit is constrained to pass 
through the origin; the uncertainty on the slope 1 is standard error (0.37). 
B.4. Future work 
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Figure B.8.: Relationship between AhjO of experimental charge in the inner capsule of a 
double capsule experiment and its effect on/q^ in the inner capsule when OhjO is 
1.0 in the outer capsule. 
B. Quantification of glass H2O content via FTIR 





Beam Beam scan regions step size count time 
Mount lU Run ID M I X /o, # scans Mask height Width Pre-edge start Edge start Edge end Post-edge end Pre-edge Edge Post-edge Pre-edge Edge Post-edge 
miti mm eV CV eV eV <-V eV k seamds seconds seconds 
I L W 2 5 8 C4198 aRhy graphite 2 Pb 0 . 3 5 12445 1 2 6 3 0 1 2 7 0 5 1 3 2 5 4 9 . 2 5 0 . 2 5 0 . 1 2 6 2 
J L W U 3 C 3 9 8 9 C M A S graphite 1 A s 0 , 3 5 1 2 4 4 5 1 2 6 4 5 1 2 7 0 0 1 3 2 4 9 lO.OO 0 . 2 5 0 . 1 2 6 2 
J L W 1 4 2 C 3 9 8 8 C M A S F c graphite 1 A s 0 . 3 5 1 2 4 4 5 1 2 6 4 5 1 2 7 0 0 1 3 2 5 0 1 0 . 0 0 0 . 2 5 0 . 1 2 6 2 
J L W 2 6 0 C 4 1 9 9 fRhy graphite 2 Pb 0 . 3 5 1 2 4 4 5 1 2 6 3 0 1 2 7 0 5 1 3 2 5 4 9.25 0.25 0 . 1 2 6 2 
JLW2()6 C 4 1 7 7 jRhy graphite 1 Ag 0 . 3 5 1 2 4 4 5 1 2 6 4 5 1 2 7 0 0 1 3 2 4 9 1 0 . 0 0 0.25 0 . 1 2 3 2 
J L W 1 4 7 C 3 9 9 2 M A S 2 graphite 1 Ag 0 . 3 5 1 2 4 4 5 1 2 6 4 5 1 2 7 0 0 1 3 2 5 0 1 0 . 0 0 0.25 0 . 1 2 6 2 
J L W 1 2 9 C 3 9 7 7 NCMASTi graphite 1 A s 0 . 3 5 1 2 4 4 5 1 2 6 4 5 1 2 7 0 0 1 3 2 5 0 1 0 . 0 0 0.25 0 . 1 2 6 2 
J L W 1 5 4 D1246 NCMASTi graphite 1 Ag 0.3 5 1 2 4 4 5 1 2 6 4 5 1 2 7 0 0 1 3 2 5 0 lO.OO 0.25 0 . 1 2 6 2 
JLW132 D 1 2 0 2 NCMASTiFe graphite 1 Ag 0 . 3 5 1 2 4 4 5 1 2 6 4 5 1 2 7 0 0 1 3 2 5 0 1 0 . 0 0 0 . 2 5 0 . 1 2 6 2 
JLW133 C3980 NCMASTlFe graphite 1 Ag 0.3 5 1 2 4 4 5 1 2 6 4 5 1 2 7 0 0 1 3 2 4 9 lO.OO 0.25 0 . 1 2 6 2 
J L W 1 3 1 D1201 NCMASTiFe graphite 1 Ag 0 . 3 5 1 2 4 4 5 1 2 6 4 5 1 2 7 0 0 1 3 2 4 9 1 0 . 0 0 0.25 0 . 1 2 6 2 
J L W 2 0 5 D 1 4 0 2 pDac graphite 1 Ag 0.3 5 1 2 4 4 5 1 2 6 4 5 1 2 7 0 0 1 3 2 4 9 1 0 . 0 0 0.25 0 . 1 2 3 2 
J L W 2 2 9 D1410 aRhy PtO, 1 A s 0.3 5 1 2 4 4 5 1 2 6 4 5 1 2 7 0 0 1 3 2 4 9 1 0 . 0 0 0.25 0 1 2 6 2 
I L W 1 4 8 C3993 C M A S P t 0 2 1 Ag 0.3 5 1 2 4 4 5 1 2 6 3 0 1 2 7 0 5 1 3 2 5 4 9.25 0.25 0 . 1 2 6 2 
J L W 2 5 2 D1416 fRhy PtO, 1 Ag 0.3 5 1 2 4 4 5 1 2 6 4 5 1 2 7 0 0 1 3 2 4 9 1 0 . 0 0 0.25 0 1 2 3 2 
J L W 1 9 4 C 4 1 7 3 jRhy P t O j 1 Ag 0.3 5 1 2 4 4 5 1 2 6 4 5 1 2 7 0 0 1 3 2 4 9 10.00 0.25 0.1 2 3 
JLW200 C4175 MAS2 PtO, 1 Ag 0.3 5 1 2 4 4 5 1 2 6 4 5 1 2 7 0 0 1 3 2 4 9 10.00 0.25 0 1 2 3 2 
J L W 1 3 5 D 1 2 1 6 NCMASTi P t 0 2 1 Ag 0.3 5 1 2 4 4 5 1 2 6 4 5 1 2 7 0 0 1 3 2 4 9 10.00 0.25 0.1 2 6 2 
JLW196 D1400 NCMASTiFe PtOi 1 Ag 0.3 5 1 2 4 4 5 1 2 6 4 5 1 2 7 0 0 1 3 2 4 9 10.00 0.25 0.1 2 3 2 
J L W 1 9 2 D 1 3 9 9 pDac P t O ; 1 Ag 0.3 5 1 2 4 4 5 1 2 6 4 5 12700 1 3 2 4 9 10.00 0.25 0.1 2 3 
J L W 1 8 6 D 1 3 9 7 C M A S R u O , 1 0.3 5 1 2 4 4 5 1 2 6 4 5 1 2 7 0 0 1 3 2 4 R 10.00 0.25 0.1 2 3 2 
JLW187 D 1 3 9 7 C M A S R u O ; 1 Ag 0.3 5 1 2 4 4 5 1 2 6 4 5 1 2 7 0 0 1 3 2 5 0 10.00 0.25 0.1 2 6 2 
J L W 1 3 4 D 1 2 0 7 NCMASTI R u O , 1 Ag 0.3 5 1 2 4 4 5 1 2 6 4 5 1 2 7 0 0 1 3 2 4 9 10.00 0-25 0 . 1 2 6 2 
J L W 1 8 9 C4171 NCMASTiFe R U 0 2 1 Ag 0.3 5 1 2 4 4 5 1 2 6 4 5 1 2 7 0 0 1 3 2 4 8 10.00 0.25 0.1 2 3 2 
JLW231 D 1 4 n aRhy Ru-RuO, 1 Ag 0 3 5 1 2 4 4 5 1 2 6 4 5 1 2 7 0 0 13250 10.00 0.25 0.1 2 6 
J L W 2 5 4 C 4 1 9 7 m h y Ru-RiiO, 1 Ag 0.3 5 1 2 4 4 5 1 2 6 4 5 1 2 7 0 0 1 3 2 4 9 10.00 0.25 0.1 2 3 2 
J L W 2 0 2 C 4 1 7 6 jRhy Ru-RuO, 1 Ag 0.3 5 1 2 4 4 5 1 2 6 4 5 1 2 7 0 0 1 3 2 4 8 10.00 0.25 0.1 2 3 2 
J L W 1 8 4 D1396 M A S 2 R u - R u O j 1 Ag 0.3 5 1 2 4 4 5 1 2 6 4 5 12700 1 3 2 5 0 10.00 0.25 0.1 2 6 2 
I L W 1 9 1 C 4 1 7 2 NCMASTi RU'RuOj 1 Ag 0 . 3 5 1 2 4 4 5 1 2 6 4 5 1 2 7 0 0 1 3 2 4 9 10.00 0.25 0 1 2 3 2 
JLW198 C4174 pDac R u - R u O j 1 Ag 0.3 5 1 2 4 4 5 1 2 6 4 5 1 2 7 0 0 1 3 2 4 9 10.00 0.25 0.1 2 3 2 




Beam Beam scan regions step size count time 
Mount ID Run ID Mix / o . # scans Mask height width Prc-edgc start Edge start Edge end Post-edge end Pre-edge Edge Post-edge Prc-edgc Edge Post-edge 
iiini mm cV cV eV cV cV cV k aeioiids sccmds seconds 
JLW287 C4206 aRhy M0-M0O2 3 Pb 0.3 5 12445 126.30 12705 1.3012 9.25 0.25 0.1 6 2 
JLW266b C4201 aRhy N N O + l - 3 Pb 0.3 5 12445 12630 12705 13012 9.25 0.25 0.1 2 6 2 
JLW268t C4202 aRhy N N O + 2 ' 1 Pb 0.3 5 12445 12630 12700 13007 9.25 0.25 0.1 6 2 
ILW268t C4202 aRhy N N O + 2 - 3 Pb 0.3 5 12445 12630 12700 13007 9.25 0.25 0.1 2 6 2 
JLW284 0 1 4 2 1 aRhy Re-ReOj 3 Pb 0.3 5 12445 12640 12700 13249 9.75 0.25 0.1 2 6 2 
JLW270t C4203 aRhy N N O + 3 - 3 Pb 0.3 5 12445 12640 12700 13249 9.75 0.25 0.1 2 6 2 
ILW273 C4196 aRhy F c O j - F e j O , 3 Pb 0.3 5 12445 126.30 12705 13013 9.25 0.25 0.1 2 6 2 
JLW232 D1412 aRhy RU-RUO2 2 Pb 0.3 5 12445 12630 12700 13007 9.25 0.25 0.1 2 6 2 
JLW2.16 C4190 aRhy PIO2 1 Pb 0.3 12445 126.30 12705 1.3012 9.25 0.25 0.1 2 6 2 
ILW262 C4200 aRhy Pd-PdO 2 Pb 0.3 5 12445 12630 12705 13012 9.25 0.25 0.1 6 2 
JLW288 C4206 fRhy M0-MUO2 3 Pb 0.3 5 12445 12630 12700 13007 9.25 0.25 0.1 2 6 2 
JLW290 C4207 fRhy C o - C o O 3 Pb 0.3 5 12445 12640 12700 13007 9.75 0.25 0.1 2 6 2 
JLW2661 C4201 fRhy N N O + r 2 Pb 0.3 5 12445 126.30 127IX) 13007 9.25 0.25 0.1 2 6 2 
JLW268b C4202 fRhy N N O + 2 - 3 Pb 0.3 5 12445 12630 12700 13007 9.25 0.25 0.1 2 6 2 
ILW282 D1421 fRhy Re-ReO^ 3 Pb 0.3 5 1244.5 12640 12700 13249 9.75 0.25 0.1 2 6 2 
ILW270b C4203 nUiy NNO+3> 3 Pb 0.3 5 12445 12640 12700 13249 9.75 0.25 0.1 2 6 2 
JLW250 C4196 fRhy Fe jOj-FOjO, , 2 Pb 0.3 5 12445 12640 12700 13007 9.75 0.25 0.1 2 6 2 
ILW234 D1413 fRhy Ru-RuOj 2 Pb 0.3 5 12445 12630 12705 13012 9.25 0.25 0.1 2 6 2 
JLW244b D1415 fRhy M n j O j - M n z O j 3 Pb 0.3 5 12445 12630 12700 13007 9.25 0.25 0.1 2 6 2 
ILW238 C4191 fRhy P t 0 2 2 Pb 0.3 S 12445 12630 12700 13007 9.25 0.25 0.1 2 6 2 
JLW256 D1417 fRhy Pd-PdO 2 Pb 0.3 5 12445 126.30 12700 13008 9.25 0.25 0.1 2 6 2 






Beam Beam scan regions step size count time 
Compound # scans height width Pre-edge start Edge start Edge end Post-edge end Pre-edge Edge Post-edge Pre-edge Edge Post-edge 
mm mm eV eV eV eV eV eV k seconds seconds seconds 
MnSe 1 2 1 12430 12630 12730 13472 10 0.5 0.25 2 2 2 
CaSe 1 2 1 12450 12650 12710 13253 10 0.5 0.25 1 1 1 
NiSe 1 0.3 5 12445 12630 12705 13254 9.25 0.25 0.1 2 2 2 
Cu2Se 1 0.3 5 12445 12630 12705 13254 9.25 0.25 0.1 2 2 2 
FcSe 1 0.3 5 12445 12630 12705 13253 9.25 0.25 0.1 2 2 2 
FeSej 1 0.3 5 12445 12630 12705 13254 9.25 0.25 0.1 2 2 2 
H j S e O j 1 2 1 12430 12630 12730 13472 10 0.5 0.25 2 2 2 
SeOj 1 2 1 12430 12630 12730 13472 10 0.5 0.25 2 2 2 
N a j S e O , 1 0.3 5 12445 12630 12705 13254 9.25 0.25 0.1 2 2 2 
Na2Se04 3 0.3 5 12445 12630 12705 13253 9.25 0.25 0.1 1 1 1 
BaSeOj 1 0.3 5 12445 12630 12705 13254 9.25 0.25 0.1 2 2 2 
« Table C.3.: Model compounds 
u On (N 
